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PREFACE 


TO THE STUDENT 


Authors of books live with the hope that someone actually reads them. Contrary to 
what you might believe, almost everything in a typical college-level mathematics text 
is written for you and not the instructor. True, the topics covered in the text are cho- 
sen to appeal to instructors because they make the decision on whether to use it in 
their classes, but everything written in it is aimed directly at you the student. So I 
want to encourage you—no, actually I want to tell you—to read this textbook! But 
do not read this text like you would a novel; you should not read it fast and you 
should not skip anything. Think of it as a workbook. By this I mean that mathemat- 
ics should always be read with pencil and paper at the ready because, most likely, you 
will have to work your way through the examples and the discussion. Read—oops, 
work—all the examples in a section before attempting any of the exercises; the ex- 
amples are constructed to illustrate what I consider the most important aspects of the 
section, and therefore, reflect the procedures necessary to work most of the problems 
in the exercise sets. I tell my students when reading an example, cover up the solu- 
tion; try working it first, compare your work against the solution given, and then 
resolve any differences. I have tried to include most of the important steps in each 
example, but if something is not clear you should always try—and here is where 
the pencil and paper come in again—to fill in the details or missing steps. This may 
not be easy, but that is part of the learning process. The accumulation of facts fol- 
lowed by the slow assimilation of understanding simply cannot be achieved without 
a struggle. 

Specifically for you, a Student Resource and Solutions Manual (SRSM) is avail- 
able as an optional supplement. In addition to containing solutions of selected prob- 
lems from the exercises sets, the SRSM has hints for solving problems, extra exam- 
ples, and a review of those areas of algebra and calculus that I feel are particularly 
important to the successful study of differential equations. Bear in mind you do not 
have to purchase the SRSM; by following my pointers given at the beginning of most 
sections, you can review the appropriate mathematics from your old precalculus or 
calculus texts. 

In conclusion, I wish you good luck and success. I hope you enjoy the text and 
the course you are about to embark on—as an undergraduate math major it was one 
of my favorites because I liked mathematics that connected with the physical world. 
If you have any comments, or if you find any errors as you read/work your way 
through the text, or if you come up with a good idea for improving either it or the 
SRSM, please feel free to either contact me or my editor at Brooks/Cole Publishing 
Company: 

charlie. vanwagner ? cengage.com 


TO THE INSTRUCTOR 


WHAT IS NEW IN THIS EDITION? 


First, let me say what has not changed. The chapter lineup by topics, the number and 
order of sections within a chapter, and the basic underlying philosophy remain the 
same as in the previous editions. 


xi 
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PREFACE 


In case you are examining this text for the first time, Differential Equations with 
Boundary-Value Problems, 7th Edition, can be used for either a one-semester course 
in ordinary differential equations, or a two-semester course covering ordinary and 
partial differential equations. The shorter version of the text, A First Course in 
Differential Equations with Modeling Applications, 9th Edition, ends with 
Chapter 9. For a one-semester course, I assume that the students have successfully 
completed at least two-semesters of calculus. Since you are reading this, undoubt- 
edly you have already examined the table of contents for the topics that are covered. 
You will not find a “suggested syllabus” in this preface; I will not pretend to be so 
wise as to tell other teachers what to teach. I feel that there is plenty of material here 
to pick from and to form a course to your liking. The text strikes a reasonable bal- 
ance between the analytical, qualitative, and quantitative approaches to the study of 
differential equations. As far as my “underlying philosophy” it is this: An under- 
graduate text should be written with the student’s understanding kept firmly in 
mind, which means to me that the material should be presented in a straightforward, 
readable, and helpful manner, while keeping the level of theory consistent with the 
notion of a "first course.” 

For those who are familiar with the previous editions, I would like to mention a 
few of the improvements made in this edition. 


* Contributed Problems Selected exercise sets conclude with one or two con- 
tributed problems. These problems were class tested and submitted by in- 
structors of differential equations courses and reflect how they supplement 
their classroom presentations with additional projects. 

* Exercises Many exercise sets have been updated by the addition of new prob- 
lems to better test and challenge the students. In like manner, some exercise 
sets have been improved by sending some problems into early retirement. 

* Design This edition has been upgraded to a four-color design, which adds 
depth of meaning to all of the graphics and emphasis to highlighted phrases. 
I oversaw the creation of each piece of art to ensure that it is as mathemati- 
cally correct as the text. 

* New Figure Numeration It took many editions to do so, but I finally became 
convinced that the old numeration of figures, theorems, and definitions had to 
be changed. In this revision I have utilized a double-decimal numeration sys- 
tem. By way of illustration, in the last edition Figure 7.52 only indicates that 
itis the 52nd figure in Chapter 7. In this edition, the same figure is renumbered 
as Figure 7.6.5, where 


Chapter Section 


Vy 


7.6.5 <— Fifth figure in the section 


I feel that this system provides a clearer indication to where things are, with- 
out the necessity of adding a cumbersome page number. 

* Projects from Previous Editions Selected projects and essays from past 
editions of the textbook can now be found on the companion website at 
academic.cengage.com/math/zill. 


STUDENT RESOURCES 


* Student Resource and Solutions Manual, by Warren S. Wright, Dennis G. Zill, 
and Carol D. Wright (ISBN 0495385662 (accompanies A First Course in 
Differential Equations with Modeling Applications, 9e), 0495383163 (ac- 
companies Differential Equations with Boundary-Value Problems, 7e)) pro- 
vides reviews of important material from algebra and calculus, the solution of 
every third problem in each exercise set (with the exception of the Discussion 
Problems and Computer Lab Assignments), relevant command syntax for 
the computer algebra systems Mathematica and Maple, lists of important 
concepts, as well as helpful hints on how to start certain problems. 
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* DE Tools is a suite of simulations that provide an interactive, visual explo- 
ration of the concepts presented in this text. Visit academic.cengage.com/ 
math/zill to find out more or contact your local sales representative to ask 
about options for bundling DE Tools with this textbook. 


INSTRUCTOR RESOURCES 


* Complete Solutions Manual, by Warren S. Wright and Carol D. Wright (ISBN 
049538609X), provides worked-out solutions to all problems in the text. 

* Test Bank, by Gilbert Lewis (ISBN 0495386065) Contains multiple-choice 
and short-answer test items that key directly to the text. 
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INTRODUCTION TO DIFFERENTIAL 


EQUATIONS 


1.1 Definitions and Terminology 

1.2  Initial- Value Problems 

1.3 Differential Equations as Mathematical Models 
CHAPTER 1 IN REVIEW 


The words differential and equations certainly suggest solving some kind of 
equation that contains derivatives y', y", . . . . Analogous to a course in algebra and 
trigonometry, in which a good amount of time is spent solving equations such as 
x? + 5x + 4 = 0 for the unknown number x, in this course one of our tasks will be 
to solve differential equations such as y" + 2y' + y = 0 for an unknown function 
y = $Q). 

The preceding paragraph tells something, but not the complete story, about the 
course you are about to begin. As the course unfolds, you will see that there is more 
to the study of differential equations than just mastering methods that someone has 
devised to solve them. 

But first things first. In order to read, study, and be conversant in a specialized 
subject, you have to learn the terminology of that discipline. This is the thrust of the 
first two sections of this chapter. In the last section we briefly examine the link 
between differential equations and the real world. Practical questions such as How 
fast does a disease spread? How fast does a population change? involve rates of 
change or derivatives. As so the mathematical description—or mathematical 


model —of experiments, observations, or theories may be a differential equation. 


CHAPTER 1 


INTRODUCTION TO DIFFERENTIAL EQUATIONS 


1.1 


DEFINITIONS AND TERMINOLOGY 


REVIEW MATERIAL 


Definition of the derivative 

Rules of differentiation 

Derivative as a rate of change 

First derivative and increasing/decreasing 
Second derivative and concavity 


INTRODUCTION The derivative dy/dx of a function y = (x) is itself another function $'(x) 
found by an appropriate rule. The function y = e°'” is differentiable on the interval (—%, o»), and 


by the Chain Rule its derivative is dy/dx = 0.2xe? ^ If we replace e 


0.1 on the right-hand side of 


the last equation by the symbol y, the derivative becomes 


dy 
— = 0.2xy. 1 
p Xy (1) 


Now imagine that a friend of yours simply hands you equation (1)—you have no idea how it was 
constructed —and asks, What is the function represented by the symbol y? You are now face to face 
with one of the basic problems in this course: 


How do you solve such an equation for the unknown function y = (x)? 


A DEFINITION The equation that we made up in (1) is called a differential 
equation. Before proceeding any further, let us consider a more precise definition of 
this concept. 


DEFINITION 1.1.1 Differential Equation 


An equation containing the derivatives of one or more dependent variables, 


with respect to one or more independent variables, is said to be a differential 
equation (DE). 


To talk about them, we shall classify differential equations by type, order, and 
linearity. 


CLASSIFICATION BY TYPE If an equation contains only ordinary derivatives of 
one or more dependent variables with respect to a single independent variable it is 
said to be an ordinary differential equation (ODE). For example, 


A DE can contain more 
than one dependent variable 


Y Y 
dy dy dy dx dy 
D + sy e, + 6y — 0, d S42 saxr+y e 
de ae ae ? mu a a NM 


are ordinary differential equations. An equation involving partial derivatives of 
one or more dependent variables of two or more independent variables is called a 
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partial differential equation (PDE). For example, 


ou au 8u au ðu ðu ðv 
z+ 27 0, = 2 and —_—=-_ (3) 
Ox^ ðy 


are partial differential equations." 

Throughout this text ordinary derivatives will be written by using either the 
Leibniz notation dy/dx, d?y/dx?, d?y/dx?, . . . or the prime notation y', y", y", . . . . 
By using the latter notation, the first two differential equations in (2) can be written 
a little more compactly as y' + 5y = e* and y" — y' + 6y = 0. Actually, the prime 
notation is used to denote only the first three derivatives; the fourth derivative is 
written y instead of y". In general, the nth derivative of y is written d"y/dx" or y. 
Although less convenient to write and to typeset, the Leibniz notation has an advan- 
tage over the prime notation in that it clearly displays both the dependent and 
independent variables. For example, in the equation 


unknown function 
or dependent variable 


du 


dt? 


L independent variable 


+ 16x =0 


it is immediately seen that the symbol x now represents a dependent variable, 
whereas the independent variable is t. You should also be aware that in physical 
sciences and engineering, Newton's dot notation (derogatively referred to by some 
as the "flyspeck" notation) is sometimes used to denote derivatives with respect 
to time 7. Thus the differential equation d?s/dt? = —32 becomes s = —32. Partial 
derivatives are often denoted by a subscript notation indicating the indepen- 
dent variables. For example, with the subscript notation the second equation in 
(3) becomes uy, = Uy — 2u;. 


CLASSIFICATION BY ORDER The order of a differential equation (either 
ODE or PDE) is the order of the highest derivative in the equation. For example, 


second order 2 [= first order 
d?y dy R 


is a second-order ordinary differential equation. First-order ordinary differential 
equations are occasionally written in differential form M(x, y) dx + N(x, y) dy = 0. 
For example, if we assume that y denotes the dependent variable in 
(y — x) dx + 4xdy = 0, then y' = dy/dx, so by dividing by the differential dx, we 
get the alternative form 4xy’ + y = x. See the Remarks at the end of this section. 

In symbols we can express an nth-order ordinary differential equation in one 
dependent variable by the general form 


F(x, y, y',..., 0) = 0, (4) 


where F is a real-valued function of n + 2 variables: x, y, y’,..., y". For both prac- 
tical and theoretical reasons we shall also make the assumption hereafter that it is 
possible to solve an ordinary differential equation in the form (4) uniquely for the 


"Except for this introductory section, only ordinary differential equations are considered in A First 
Course in Differential Equations with Modeling Applications, Ninth Edition. In that text the 

word equation and the abbreviation DE refer only to ODEs. Partial differential equations or PDEs 
are considered in the expanded volume Differential Equations with Boundary- Value Problems, 
Seventh Edition. 
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highest derivative y™ in terms of the remaining n + 1 variables. The differential 
equation 


n 


ria oe (5) 


where fis a real-valued continuous function, is referred to as the normal form of (4). 
Thus when it suits our purposes, we shall use the normal forms 


= fœ, y) d ES f a 
— = an — = 
dx ne dx? dodi 


to represent general first- and second-order ordinary differential equations. For example, 
the normal form of the first-order equation 4xy' + y = xis y' = (x — y)/4x; the normal 
form of the second-order equation y" — y' + 6y = 0 is y" = y' — 6y. See the Remarks. 


CLASSIFICATION BY LINEARITY An nth-order ordinary differential equation (4) 
is said to be linear if F is linear in y, y’, . . . , y ?. This means that an nth-order ODE is 
linear when (4) is a,G)y? + a, 1()y "P + +++ + ay + any — g(x) = 0 or 


n n-l 


a, (x) = + à, (X) 7 
dx” 


d 
pet rae) ps + ag(x)y = g(x). (6) 


Two important special cases of (6) are linear first-order (n = 1) and linear second- 
order (n = 2) DEs: 
dy d*y dy 
a(x) — + ag(x)y = g(x) | and — a5(x)——; + a(x) 7- + agCOy = sg). (7) 
dx dx dx 
In the additive combination on the left-hand side of equation (6) we see that the char- 
acteristic two properties of a linear ODE are as follows: 


e The dependent variable y and all its derivatives y', y”,..., y are of the 
first degree, that is, the power of each term involving y is 1. 

e The coefficients ag, a), ..., a, of y, y’,..., y depend at most on the 
independent variable x. 


The equations 


(y—xdx + 4xdy = 0, y"” —2y'’+y=0, and +x 5y-e 


are, in turn, linear first-, second-, and third-order ordinary differential equations. We 
have just demonstrated that the first equation is linear in the variable y by writing it in 
the alternative form 4xy’ + y = x. A nonlinear ordinary differential equation is sim- 
ply one that is not linear. Nonlinear functions of the dependent variable or its deriva- 
tives, such as sin y or e", cannot appear in a linear equation. Therefore 


nonlinear term: nonlinear term: nonlinear term: 
coefficient depends on y nonlinear function of y power not 1 
d? d* 
y $ y 
1—y)y’ + 2y =e, — -F sin y — 0, and — +y, =0 
(1 — yy + 2y dà y qs | 


are examples of nonlinear first-, second-, and fourth-order ordinary differential equa- 
tions, respectively. 


SOLUTIONS As was stated before, one of the goals in this course is to solve, or 
find solutions of, differential equations. In the next definition we consider the con- 
cept of a solution of an ordinary differential equation. 


1.1 DEFINITIONS AND TERMINOLOGY ° 5 


DEFINITION 1.1.2 Solution of an ODE 


Any function $, defined on an interval / and possessing at least n derivatives 
that are continuous on J, which when substituted into an nth-order ordinary 
differential equation reduces the equation to an identity, is said to be a 
solution of the equation on the interval. 


In other words, a solution of an nth-order ordinary differential equation (4) is a func- 
tion ¢ that possesses at least n derivatives and for which 


F(x, $60, P'O, ..., P(X) = 0 for all x in 7. 


We say that @ satisfies the differential equation on /. For our purposes we shall also 
assume that a solution ¢ is a real-valued function. In our introductory discussion we 
saw that y = e™™ is a solution of dy/dx = 0.2xy on the interval (—%, oc). 

Occasionally, it will be convenient to denote a solution by the alternative 
symbol y(x). 


INTERVAL OF DEFINITION You cannot think solution of an ordinary differential 
equation without simultaneously thinking interval. The interval / in Definition 1.1.2 
is variously called the interval of definition, the interval of existence, the interval 
of validity, or the domain of the solution and can be an open interval (a, b), a closed 
interval [a, b], an infinite interval (a, ©), and so on. 


| EXAMPLE 1 Verification of a Solution 


Verify that the indicated function is a solution of the given differential equation on 
the interval (—%, oo). 


(a) dy/dx = xy; yox — (y'-2y +y=0; y = xe" 


SOLUTION One way of verifying that the given function is a solution is to see, after 
substituting, whether each side of the equation is the same for every x in the interval. 


(a) From 


: 1 
left-hand side: — ———(4:x)-2-x, 


1 1/2 1 1 
right-hand side: xy? 2 x- ( 2 € ( J = = 33) 


we see that each side of the equation is the same for every real number x. Note 


that y? = ix is, by definition, the nonnegative square root of ix. 

(b) From the derivatives y' = xe* + e* and y" = xe* + 2e* we have, for every real 
number x, 
left-hand side: y" — 2y' + y = (xe + 2e") — 2(xe* + e”) + xæ = 0, 
right-hand side: 0. H 


Note, too, that in Example 1 each differential equation possesses the constant so- 
lution y = 0, —9» < x < œ., A solution of a differential equation that is identically 
zero on an interval / is said to be a trivial solution. 


SOLUTION CURVE The graph of a solution $ of an ODE is called a solution 
curve. Since ¢ is a differentiable function, it is continuous on its interval / of defini- 
tion. Thus there may be a difference between the graph of the function ¢ and the 
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(a) function y = 1/x, x #0 


(b) solution y = 1/x, (0, œ) 
FIGURE 1.1.1 The function y = 1/x 


is not the same as the solution y = 1/x 


graph of the solution d». Put another way, the domain of the function $ need not be 
the same as the interval / of definition (or domain) of the solution @. Example 2 
illustrates the difference. 


| EXAMPLE 2 Function versus Solution 


The domain of y = 1/x, considered simply as a function, is the set of all real num- 
bers x except 0. When we graph y = 1/x, we plot points in the xy-plane corre- 
sponding to a judicious sampling of numbers taken from its domain. The rational 
function y = 1/x is discontinuous at 0, and its graph, in a neighborhood of the ori- 
gin, is given in Figure 1.1.1(a). The function y = 1/x is not differentiable at x = 0, 
since the y-axis (whose equation is x = 0) is a vertical asymptote of the graph. 
Now y = 1/x is also a solution of the linear first-order differential equation 
xy’ + y = 0. (Verify.) But when we say that y = 1/x is a solution of this DE, we 
mean that it is a function defined on an interval Z on which it is differentiable and 
satisfies the equation. In other words, y = 1/x is a solution of the DE on any inter- 
val that does not contain 0, such as (—3, — 1), (3, 10), (—~, 0), or (0, ©). Because 
the solution curves defined by y = 1/x for -3 < x < —1 and 1 <x < 10 are sim- 
ply segments, or pieces, of the solution curves defined by y = 1/x for ~% <x <0 
and 0 < x < co, respectively, it makes sense to take the interval J to be as large as 
possible. Thus we take / to be either (— o, 0) or (0, ©). The solution curve on (0, 2») 
is shown in Figure 1.1.1(b). [| 


EXPLICIT AND IMPLICIT SOLUTIONS You should be familiar with the terms 
explicit functions and implicit functions from your study of calculus. A solution in 
which the dependent variable is expressed solely in terms of the independent 
variable and constants is said to be an explicit solution. For our purposes, let us 
think of an explicit solution as an explicit formula y = f(x) that we can manipulate, 
evaluate, and differentiate using the standard rules. We have just seen in the last two 
examples that y — zx. y =xe*, and y= 1/x are, in turn, explicit solutions 
of dy/dx = xy", y" — 2y' + y = 0, and xy’ + y = 0. Moreover, the trivial solu- 
tion y = 0 is an explicit solution of all three equations. When we get down to 
the business of actually solving some ordinary differential equations, you will 
see that methods of solution do not always lead directly to an explicit solution 
y = (a). This is particularly true when we attempt to solve nonlinear first-order 
differential equations. Often we have to be content with a relation or expression 
G(x, y) = 0 that defines a solution $ implicitly. 


| DEFINITION 1.1.3 Implicit Solution of an ODE 


A relation G(x, y) — 0 is said to be an implicit solution of an ordinary 
differential equation (4) on an interval 7, provided that there exists at least 
one function ¢ that satisfies the relation as well as the differential equation 
on I. 


It is beyond the scope of this course to investigate the conditions under which a 
relation G(x, y) = 0 defines a differentiable function $. So we shall assume that if 
the formal implementation of a method of solution leads to a relation G(x, y) = 0, 
then there exists at least one function œ that satisfies both the relation (that is, 
G(x, o (x)) = 0) and the differential equation on an interval 7. If the implicit solution 
G(x, y) = 0 is fairly simple, we may be able to solve for y in terms of x and obtain 
one or more explicit solutions. See the Remarks. 


«XY 


(a) implicit solution 


x? y?-25 


(b) explicit solution 


yi = V25- x, —-5<x<5 


Ya 
5 


(c) explicit solution 


yy = V25- x, -5<x<5 


FIGURE 1.1.2 An implicit solution 
and two explicit solutions of y' = —x/y 


FIGURE 1.1.3 Some solutions of 


xy — y =x? sinx 
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I EXAMPLE 3 Verification of an Implicit Solution 


The relation x? + y? = 25 is an implicit solution of the differential equation 


E. 
dx y 


X 


(8) 


on the open interval (—5, 5). By implicit differentiation we obtain 


d 
xeRmylE23 o 2x42y52-9. 
dx 


Solving the last equation for the symbol dy/dx gives (8). Moreover, solving 
x? + y? 2 25 for y in terms of x yields y = +\/25 — x^. The two functions 
y = h(x) = V25 — x and y = d(x) = — V25 — x? satisfy the relation (that is, 
x? + $i = 25 and x? + $3 = 25) and are explicit solutions defined on the interval 
(—5, 5). The solution curves given in Figures 1.1.2(b) and 1.1.2(c) are segments of 


the graph of the implicit solution in Figure 1.1.2(a). a 


Any relation of the form x? + y? — c = 0 formally satisfies (8) for any constant c. 
However, it is understood that the relation should always make sense in the real number 
system; thus, for example, if c = —25, we cannot say that x? + y? + 25 =0 is an 
implicit solution of the equation. (Why not?) 

Because the distinction between an explicit solution and an implicit solution 
should be intuitively clear, we will not belabor the issue by always saying, “Here is 
an explicit (implicit) solution.” 


FAMILIES OF SOLUTIONS The study of differential equations is similar to that of 
integral calculus. In some texts a solution $ is sometimes referred to as an integral 
of the equation, and its graph is called an integral curve. When evaluating an anti- 
derivative or indefinite integral in calculus, we use a single constant c of integration. 
Analogously, when solving a first-order differential equation F(x, y, y') ^ 0, we 
usually obtain a solution containing a single arbitrary constant or parameter c. A 
solution containing an arbitrary constant represents a set G(x, y, c) = 0 of solutions 
called a one-parameter family of solutions. When solving an nth-order differential 
equation F(x, y, y',..., y?) — 0, we seek an n-parameter family of solutions 
G(x, y, C1, C2, ... , Cn) = O. This means that a single differential equation can possess 
an infinite number of solutions corresponding to the unlimited number of choices 
for the parameter(s). A solution of a differential equation that is free of arbitrary 
parameters is called a particular solution. For example, the one-parameter family 
y = cx — x cos x is an explicit solution of the linear first-order equation xy’ — y = 
x? sin x on the interval (—%, oc). (Verify.) Figure 1.1.3, obtained by using graphing soft- 
ware, shows the graphs of some of the solutions in this family. The solution y — 
—x cos x, the blue curve in the figure, is a particular solution corresponding to c = 0. 
Similarly, on the interval (—%, %), y = cje” + coxe* is a two-parameter family of solu- 
tions of the linear second-order equation y" — 2y' + y = 0 in Example 1. (Verify.) 
Some particular solutions of the equation are the trivial solution y = 0 (c; = c2 = 0), 
y = xe* (cy = 0, c2 = 1), y = 5e* — 2xe* (c1 = 5, c2 = —2), and so on. 

Sometimes a differential equation possesses a solution that is not a member of a 
family of solutions of the equation—that is, a solution that cannot be obtained by spe- 
cializing any of the parameters in the family of solutions. Such an extra solution is called 
a singular solution. For example, we have seen that y = ix and y — O are solutions of 
the differential equation dy/dx = xy? on (—%, ©), In Section 2.2 we shall demonstrate, 
by actually solving it, that the differential equation dy/dx = xy? possesses the one- 
parameter family of solutions y — (i x cf. When c = 0, the resulting particular 
solutionis y — ia. But notice that the trivial solution y = 0 is a singular solution, since 
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ya 
c=1, 
20 
x 
c=-l, 
x«0 


(b) piecewise-defined solution 


FIGURE 1.1.4 Some solutions of 
xy'—4y 20 


itis not a member of the family y — (I e+ cj there is no way of assigning a value to 
the constant c to obtain y = 0. 

In all the preceding examples we used x and y to denote the independent and 
dependent variables, respectively. But you should become accustomed to seeing 
and working with other symbols to denote these variables. For example, we could 
denote the independent variable by ¢ and the dependent variable by x. 


[ EXAMPLE 4 Using Different Symbols 


The functions x = c, cos 4t and x = c sin 4t, where c, and c» are arbitrary constants 
or parameters, are both solutions of the linear differential equation 


x" + 16x = 0. 
For x = c; cos 4t the first two derivatives with respect to t are x’ = —4c; sin 4t 
and x" = — 16c; cos 4t. Substituting x" and x then gives 


x" + 16x = —16c,cos 4t + 16(c, cos 41) = 0. 
In like manner, for x = c» sin 4t we have x" = —16c» sin 4t, and so 
x" + 16x = —16c,sin 4t + 16(c; sin 4f) = 0. 


Finally, it is straightforward to verify that the linear combination of solutions, or the 
two-parameter family x = c; cos 4t + c» sin 4t, is also a solution of the differential 
equation. a 


The next example shows that a solution of a differential equation can be a 
piecewise-defined function. 


[ EXAMPLE 5 A Piecewise-Defined Solution 


You should verify that the one-parameter family y = cx* is a one-parameter family 


of solutions of the differential equation xy’ — 4y = 0 on the inverval (—%, o»). See 
Figure 1.1.4(a). The piecewise-defined differentiable function 


is a particular solution of the equation but cannot be obtained from the family 
y = cx* by a single choice of c; the solution is constructed from the family by choos- 
ing c = —1 for x < 0 and c = 1 for x = 0. See Figure 1.1.4(b). a 


SYSTEMS OF DIFFERENTIAL EQUATIONS Up to this point we have been 
discussing single differential equations containing one unknown function. But 
often in theory, as well as in many applications, we must deal with systems of 
differential equations. A system of ordinary differential equations is two or more 
equations involving the derivatives of two or more unknown functions of a single 
independent variable. For example, if x and y denote dependent variables and f 
denotes the independent variable, then a system of two first-order differential 
equations is given by 


E cd j 
m mex 


4 (9) 
AT us 
p gt, x, y). 
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A solution of a system such as (9) is a pair of differentiable functions x = d (t), 
y = (ft), defined on a common interval 7, that satisfy each equation of the system 
on this interval. 


REMARKS 


(i) A few last words about implicit solutions of differential equations are in 
order. In Example 3 we were able to solve the relation x? + y? = 25 for 
y in terms of x to get two explicit solutions, ,(x) = V25 — x? and 
(x) = — V25 — x’, of the differential equation (8). But don’t read too much 
into this one example. Unless it is easy or important or you are instructed to, 
there is usually no need to try to solve an implicit solution G(x, y) = 0 for y 
explicitly in terms of x. Also do not misinterpret the second sentence following 
Definition 1.1.3. An implicit solution G(x, y) — 0 can define a perfectly good 
differentiable function ¢ that is a solution of a DE, yet we might not be able to 
solve G(x, y) = 0 using analytical methods such as algebra. The solution curve 
of $ may be a segment or piece of the graph of G(x, y) = 0. See Problems 45 
and 46 in Exercises 1.1. Also, read the discussion following Example 4 in 
Section 2.2. 


(ii) Although the concept of a solution has been emphasized in this section, 
you should also be aware that a DE does not necessarily have to possess 
a solution. See Problem 39 in Exercises 1.1. The question of whether a 
solution exists will be touched on in the next section. 


(iii) It might not be apparent whether a first-order ODE written in differential 
form M(x, y)dx + N(x, y)dy = 0 is linear or nonlinear because there is nothing 
in this form that tells us which symbol denotes the dependent variable. See 
Problems 9 and 10 in Exercises 1.1. 


(iv) It might not seem like a big deal to assume that F(x, y, y’,..., y) = 0 can 
be solved for y, but one should be a little bit careful here. There are exceptions, 
and there certainly are some problems connected with this assumption. See 
Problems 52 and 53 in Exercises 1.1. 


(v) You may run across the term closed form solutions in DE texts or in 
lectures in courses in differential equations. Translated, this phrase usually 
refers to explicit solutions that are expressible in terms of elementary (or 
familiar) functions: finite combinations of integer powers of x, roots, exponen- 
tial and logarithmic functions, and trigonometric and inverse trigonometric 
functions. 


(vi) If every solution of an nth-order ODE F(x, y, y’,..., y?) = 0 on an inter- 
val J can be obtained from an n-parameter family G(x, y, c1, C2, ..., Cn) = O by 
appropriate choices of the parameters cj, i = 1, 2, ..., n, we then say that the 


family is the general solution of the DE. In solving linear ODEs, we shall im- 
pose relatively simple restrictions on the coefficients of the equation; with these 
restrictions one can be assured that not only does a solution exist on an interval 
but also that a family of solutions yields all possible solutions. Nonlinear ODEs, 
with the exception of some first-order equations, are usually difficult or impos- 
sible to solve in terms of elementary functions. Furthermore, if we happen to 
obtain a family of solutions for a nonlinear equation, it is not obvious whether 
this family contains all solutions. On a practical level, then, the designation 
"general solution" is applied only to linear ODEs. Don't be concerned about 
this concept at this point, but store the words "general solution" in the back of 
your mind—we will come back to this notion in Section 2.3 and again in 
Chapter 4. 
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EX E RC | S E S 1 . 1 Answers to selected odd-numbered problems begin on page ANS-1. 


In Problems 1—8 state the order of the given ordinary differ- 
ential equation. Determine whether the equation is linear or 
nonlinear by matching it with (6). 


1. (1 — x)y" — 4xy'+ 5y = cos x 


d? d 4 
2 edid ( 3 +y=0 
dx 


3. Py? — Py” + by 20 


du du 
4. — + —+u=cos(r + u) 
dr? dr 
d? dy\? 
5, 52 — flo (2) 
dx dx 
d?R k 
6. == 
dt? R? 


7. (sin 0)y” — (cos Ay’ = 2 
" a 
&i-(1- Di +r=0 


In Problems 9 and 10 determine whether the given first-order 
differential equation is linear in the indicated dependent 
variable by matching it with the first differential equation 
given in (7). 


9. (y? — D dx + x dy = 0; in y; in x 
10. udv + (v + uv — ue") du = 0;inv;inu 
In Problems 11-14 verify that the indicated function is an 


explicit solution of the given differential equation. Assume 
an appropriate interval / of definition for each solution. 


11. 2y'+y=0; y=e*? 


—20t 


dy 
12. — + 20y = 24; y= 
di y y 


NI O 


6 
— ze 
2 


13. y" — 6y' + 13y = 0; y = e** cos 2x 


14. y” + y= tanx; y= —(cos x)In(sec x + tan x) 


In Problems 15-18 verify that the indicated function 
y = d(x) is an explicit solution of the given first-order 
differential equation. Proceed as in Example 2, by consider- 
ing ġ simply as a function, give its domain. Then by consid- 
ering $ as a solution of the differential equation, give at least 
one interval / of definition. 


15. (y- xy =y-xt+8 y=xt+4Vx+2 


16. y 225 - y y=5 tan 5x 
17. y! 2x; y-1/(4- x?) 


18. 2y' = y? cosx; y -(1— sinx) !? 


In Problems 19 and 20 verify that the indicated expression is 
an implicit solution of the given first-order differential equa- 
tion. Find at least one explicit solution y = (x) in each case. 
Use a graphing utility to obtain the graph of an explicit solu- 
tion. Give an interval J of definition of each solution œ. 


19 E our DA — 2X); TESSE 
* di o0 ed 


20. 2xy dx + (x? — y) dy = 6; 2xly +y =1 
In Problems 21 —24 verify that the indicated family of func- 
tions is a solution of the given differential equation. Assume 


an appropriate interval J of definition for each solution. 


dP r 
21. — = PU - P); P= 
dt 1+ ce 


d "EP , 
22. A Qxy=1; y= es e dt + c,e* 
dx 0 


d? d 
23. 7 à -4 E: + 4y = 0; y = ce + exe? 
Xe x 
d? d? d 
24. Portes. que 12x^; 
x x x 


y= ax! + ox + cxlnx + 4° 


25. Verify that the piecewise-defined function 


is a solution of the differential equation xy’ — 2y = 0 
on (—%, o»). 


26. In Example 3 we saw that y = $i(x) = V25 — x^ and 
y = bx) = —V25 — x? are solutions of dy/dx = 
—x/ y on the interval (—5, 5). Explain why the piecewise- 
defined function 


_f vV35-X -5«x«0 
»"l-vw25-3, O0zxx«5 


is not a solution of the differential equation on the 
interval (—5, 5). 


In Problems 27—30 find values of m so that the function 


y = e" is a solution of the given differential equation. 


27. y + 2y=0 
29. y” —5y' + by = 0 


28. Sy’ = 2y 
30. 2y" + Ty’ - 4y =0 


In Problems 31 and 32 find values of m so that the function 


y = x" is a solution of the given differential equation. 


31. xy" + 2y 20 
32. xy" — Txy’ + 15y 2 0 


In Problems 33-36 use the concept that y = c, —9» < x < co, 
is a constant function if and only if y'= 0 to determine 
whether the given differential equation possesses constant 
solutions. 


33. 3xy' + Sy = 10 
34. y =y? - 2y - 3 
35. (y- Dy' =1 

36. y" + Ay' + 6y = 10 


In Problems 37 and 38 verify that the indicated pair of 
functions is a solution of the given system of differential 
equations on the interval (—, oc). 


dx dx _ 


7 xe Seater! 

3 dt pee 95 dt? aids 
dy d’y 
yo 3 “ao e 


x =e 7% + 3669. x = cos 2t + sin 2t + ie’, 


t 


y= —e^ + 5e8 e 


y = —cos 2t — sin 2t i 


Discussion Problems 


39. Make up a differential equation that does not possess 
any real solutions. 


40. Make up a differential equation that you feel confident 
possesses only the trivial solution y — 0. Explain your 
reasoning. 


41. What function do you know from calculus is such that 
its first derivative is itself? Its first derivative is a 
constant multiple k of itself? Write each answer in 
the form of a first-order differential equation with a 
solution. 


42. What function (or functions) do you know from calcu- 
lus is such that its second derivative is itself? Its second 
derivative is the negative of itself? Write each answer in 
the form of a second-order differential equation with a 
solution. 
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43. Given that y = sin x is an explicit solution of the 
d 
first-order differential equation = V] — y. Find 
x 
an interval J of definition. [Hint: I is not the interval 


(—%, %).] 


44. Discuss why it makes intuitive sense to presume that 
the linear differential equation y" + 2y' + 4y = 5 sin t 
has a solution of the form y = A sin t + B cos t, where 
A and B are constants. Then find specific constants A 
and B so that y = A sin t + B cos t is a particular solu- 
tion of the DE. 


In Problems 45 and 46 the given figure represents the graph 
of an implicit solution G(x, y) = 0 of a differential equation 
dy/dx = f(x, y). In each case the relation G(x, y) = 0 
implicitly defines several solutions of the DE. Carefully 
reproduce each figure on a piece of paper. Use different 
colored pencils to mark off segments, or pieces, on each 
graph that correspond to graphs of solutions. Keep in mind 
that a solution $ must be a function and differentiable. Use 
the solution curve to estimate an interval J of definition of 
each solution $. 


45. ya 


46. ya 


FIGURE 1.1.6 Graph for Problem 46 


47. The graphs of members of the one-parameter family 
x? + y? = 3cxy are called folia of Descartes. Verify 
that this family is an implicit solution of the first-order 
differential equation 


dy yy - 2x) 
dx  x(2y) — x) 
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48. 


49. 


50. 


51. 


52. 


53. 


54. 


55. 
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The graph in Figure 1.1.6 is the member of the family of 
folia in Problem 47 corresponding to c = 1. Discuss: 
How can the DE in Problem 47 help in finding points 
on the graph of x? + y? = 3xy where the tangent line 
is vertical? How does knowing where a tangent line is 
vertical help in determining an interval J of definition 
of a solution ¢ of the DE? Carry out your ideas, 
and compare with your estimates of the intervals in 
Problem 46. 


In Example 3 the largest interval J over which the 
explicit solutions y = $(x) and y = $»(x) are defined 
is the open interval (—5, 5). Why can't the interval Z of 
definition be the closed interval [—5, 5]? 


In Problem 21 a one-parameter family of solutions of 
the DE P' — P(1 — P) is given. Does any solution 
curve pass through the point (0, 3)? Through the 
point (0, 1)? 


Discuss, and illustrate with examples, how to solve 
differential equations of the forms dy/dx — f(x) and 


dy/dx? = f(x). 


The differential equation x(y')? — 4y’ — 123? = 0 has 
the form given in (4). Determine whether the equation 
can be put into the normal form dy/dx = f(x, y). 


The normal form (5) of an nth-order differential equa- 
tion is equivalent to (4) whenever both forms have 
exactly the same solutions. Make up a first-order differ- 
ential equation for which F(x, y, y’) = 0 is not equiva- 
lent to the normal form dy/dx = f(x, y). 


Find a linear second-order differential equation 
F(x, y, y', y") = 0 for which y = cix + cox? is a two- 
parameter family of solutions. Make sure that your equa- 
tion is free of the arbitrary parameters c, and c». 


Qualitative information about a solution y = (x) of a 
differential equation can often be obtained from the 
equation itself. Before working Problems 55-58, recall 
the geometric significance of the derivatives dy/dx 
and d?y/dx?. 


Consider the differential equation dy/dx = e^*. 

(a) Explain why a solution of the DE must be an 
increasing function on any interval of the x-axis. 

(b) What are lim dy/dx and lim. dy/ dx? What does 
this Suggest about a solution curve as x — +œ? 


(c) Determine an interval over which a solution curve is 
concave down and an interval over which the curve 
is concave up. 


(d) Sketch the graph of a solution y = (x) of the dif- 
ferential equation whose shape is suggested by 
parts (a) - (c). 


56. 


57. 


58. 
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Consider the differential equation dy/dx = 5 — y. 


(a) Either by inspection or by the method suggested in 
Problems 33-36, find a constant solution of the DE. 


(b) Using only the differential equation, find intervals on 
the y-axis on which a nonconstant solution y = $(x) 
is increasing. Find intervals on the y-axis on which 
y = (x) is decreasing. 


Consider the differential equation dy/dx = y(a — by), 
where a and b are positive constants. 


(a) Either by inspection or by the method suggested 
in Problems 33—36, find two constant solutions of 
the DE. 


(b) Using only the differential equation, find intervals on 
the y-axis on which a nonconstant solution y = d(x) 
is increasing. Find intervals on which y = (x) is 
decreasing. 


(c) Using only the differential equation, explain why 
y = a/2b is the y-coordinate of a point of inflection 
of the graph of a nonconstant solution y = $(x). 


(d) On the same coordinate axes, sketch the graphs of 
the two constant solutions found in part (a). These 
constant solutions partition the xy-plane into three 
regions. In each region, sketch the graph of a non- 
constant solution y — $(x) whose shape is sug- 
gested by the results in parts (b) and (c). 


Consider the differential equation y' = y? + 4. 


(a) Explain why there exist no constant solutions of 
the DE. 

(b) Describe the graph of a solution y = $(x). For 
example, can a solution curve have any relative 
extrema? 


(c) Explain why y = 0 is the y-coordinate of a point of 
inflection of a solution curve. 

(d) Sketch the graph of a solution y = d(x) of the 
differential equation whose shape is suggested by 
parts (a) (c). 


Computer Lab Assignments 


In Problems 59 and 60 use a CAS to compute all derivatives 
and to carry out the simplifications needed to verify that the 
indicated function is a particular solution of the given differ- 
ential equation. 


59. 


60. 


y? — 20y" + 158y" — 580y' + 841y = 0; 


y= xe? 


cos 2x 
xy" + 2x’y"  20xy' — 78y = 0; 
— 20 cos(5 In x) =% sin(5 In x) 


X X 
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1.2 


INITIAL-VALUE PROBLEMS 


REVIEW MATERIAL 


e Normal form of a DE 
e Solution of a DE 
e Family of solutions 


INTRODUCTION We are often interested in problems in which we seek a solution y(x) of a 
differential equation so that y(x) satisfies prescribed side conditions—that is, conditions imposed on 


the unknown y(x) or its derivatives. On some interval J containing xo the problem 


where yo, yp... 


d"y 
—f(xyy,.."? 
dx" ( ) a) 


Subject to: y) = ye Y'09) = y»... Y" P) = Yn- 


,Yn-ı are arbitrarily specified real constants, is called an initial-value 


problem (IVP). The values of y(x) and its first n — 1 derivatives at a single point xo, y(xo) = yo, 


y'(xo) = yr... 


solutions of the DE 


FIGURE 1.2.1 
first-order IVP 


> 
x 


Solution of 


solutions of the DE 


l » 


[^ s = 


x 


FIGURE 1.2.2 Solution of 


second-order IVP 


., y" P (xo) = y,..,, are called initial conditions. 


FIRST- AND SECOND-ORDER IVPS The problem given in (1) is also called an 
nth-order initial-value problem. For example, 


d 
Solve: - Ff, y) 
dx (2) 
Subject to: y) = yo 
d'y 
d : r^ 
an Solve aa 7 fe»») (3) 


Subject to: Yo) = Yo. YQ) = yı 


are first- and second-order initial-value problems, respectively. These two problems 
are easy to interpret in geometric terms. For (2) we are seeking a solution y(x) of the 
differential equation y’ = f(x, y) on an interval / containing xo so that its graph passes 
through the specified point (xo, yo). A solution curve is shown in blue in Figure 1.2.1. 
For (3) we want to find a solution y(x) of the differential equation y" = f(x, y, y') on 
an interval J containing xo so that its graph not only passes through (xo, yo) but the slope 
of the curve at this point is the number yı. A solution curve is shown in blue in 
Figure 1.2.2. The words initial conditions derive from physical systems where the 
independent variable is time t and where y(to) = yo and y'(to) = y, represent the posi- 
tion and velocity, respectively, of an object at some beginning, or initial, time fo. 

Solving an nth-order initial-value problem such as (1) frequently entails first 
finding an n-parameter family of solutions of the given differential equation and then 
using the n initial conditions at xo to determine numerical values of the n constants in 
the family. The resulting particular solution is defined on some interval / containing 
the initial point xo. 


| EXAMPLE 1 Two First-Order IVPs 


In Problem 41 in Exercises 1.1 you were asked to deduce that y = ce* is a one- 
parameter family of solutions of the simple first-order equation y’ = y. All the 
solutions in this family are defined on the interval (—%, œ). If we impose an initial 
condition, say, y(0) = 3, then substituting x = 0, y = 3 in the family determines the 
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(a) function defined for all x except x = +1 


ya 


l 
l 
| 
l 
l 
l 
l 
l 
l 
| 
zi 
l 
l 
[ 
l 
l 
l 
| 
l 
l 
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(b) solution defined on interval containing x = 0 


FIGURE 1.2.4 Graphs of function 
and solution of IVP in Example 2 


(0, -1) 


«XY 


Y 
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constant 3 = ce? = c. Thus y = 3e" is a solution of the IVP 


y =y, MOSS 
Now if we demand that a solution curve pass through the point (1, —2) rather than 
(0, 3), then y(1) = —2 will yield —2 = ce or c = —2e7!. In this case y = —2e* lis 
a solution of the IVP 
y =y, y) = =a 
The two solution curves are shown in dark blue and dark red in Figure 1.2.3. a 
The next example illustrates another first-order initial-value problem. In this 


example notice how the interval J of definition of the solution y(x) depends on the 
initial condition y(xo) = yo. 


i EXAMPLE 2 Interval J of Definition of a Solution 


In Problem 6 of Exercises 2.2 you will be asked to show that a one-parameter family 
of solutions of the first-order differential equation y' + 2xy? = 0 is y = 1/(x? + c). 
If we impose the initial condition y(0) = — 1, then substituting x = 0 and y = —1 
into the family of solutions gives —1 = 1/c or c = —1. Thus y = 1/(x? — 1). We 
now emphasize the following three distinctions: 


* Considered as a function, the domain of y = 1/(x? — 1) is the set of real 
numbers x for which y(x) is defined; this is the set of all real numbers 
except x = —1 and x = 1. See Figure 1.2.4(a). 

* Considered as a solution of the differential equation y' + 2xy? = 0, the 
interval J of definition of y = 1/(x? — 1) could be taken to be any 
interval over which y(x) is defined and differentiable. As can be seen in 
Figure 1.2.4(a), the largest intervals on which y = 1/ (x? — 1) is a solution 
are (—96,— 1), (— 1, 1), and (1, œ). 

* Considered as a solution of the initial-value problem y' + 2xy? = 0, 

y(0) = —1, the interval / of definition of y = 1/ (x? — 1) could be taken to 
be any interval over which y(x) is defined, differentiable, and contains the 
initial point x — 0; the largest interval for which this is true is (— 1, 1). See 
the red curve in Figure 1.2.4(b). E 


See Problems 3—6 in Exercises 1.2 for a continuation of Example 2. 


I EXAMPLE 3  Second-Order IVP 


In Example 4 of Section 1.1 we saw that x = c; cos 4t + c» sin 4t is a two-parameter 
family of solutions of x" + 16x = 0. Find a solution of the initial-value problem 


x" 16x — 0, «(z) --2, «(z) =1. (4) 


2 2 


SOLUTION We first apply x(7/2) = —2 to the given family of solutions: c; cos 27r + 
c2 sin 27 = —2. Since cos 27 = 1 and sin 277 = 0, we find that c; = —2. We next apply 
x'(ar/2) = 1 to the one-parameter family x( = —2 cos 4t + c» sin 4t. Differentiating 
and then setting t = 7/2 and x’ = 1 gives 8 sin 277 + 4c cos 27 = 1, from which we 
see that c; = "n Hence x = —2 cos 4t + i sin 4t is a solution of (4). [| 


EXISTENCE AND UNIQUENESS Two fundamental questions arise in consider- 
ing an initial-value problem: 


Does a solution of the problem exist? 
If a solution exists, is it unique? 


yo 995 
FIGURE 1.2.5 Two solutions 
of the same IVP 
Ya 
l 
d J 
R l 
l 
l 
=a 
(Xo, Yo) l 
l 
C 1 
l 
l = 
a —iy bx 


FIGURE 1.2.6 Rectangular region R 
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For the first-order initial-value problem (2) we ask: 


Does the differential equation dy/dx = f(x, y) possess solutions? 


Exisvenge 5. any of the solution curves pass through the point (xo, yo)? 


When can we be certain that there is precisely one solution curve 


Uniqueness ke through the point (xo, yo)? 


Note that in Examples 1 and 3 the phrase “a solution” is used rather than “the solu- 
tion” of the problem. The indefinite article “a” is used deliberately to suggest the 
possibility that other solutions may exist. At this point it has not been demonstrated 
that there is a single solution of each problem. The next example illustrates an initial- 
value problem with two solutions. 


l EXAMPLE 4 An IVP Can Have Several Solutions 


Each of the functions y=0 and y = ux satisfies the differential equation 


dy/dx = xy"? and the initial condition y(0) = 0, so the initial-value problem 


d 
A -ay^, (0) = 0 
dx 


has at least two solutions. As illustrated in Figure 1.2.5, the graphs of both functions 
pass through the same point (0, 0). 


Within the safe confines of a formal course in differential equations one can be 
fairly confident that most differential equations will have solutions and that solutions of 
initial-value problems will probably be unique. Real life, however, is not so idyllic. 
Therefore it is desirable to know in advance of trying to solve an initial-value problem 
whether a solution exists and, when it does, whether it is the only solution of the prob- 
lem. Since we are going to consider first-order differential equations in the next two 
chapters, we state here without proof a straightforward theorem that gives conditions 
that are sufficient to guarantee the existence and uniqueness of a solution of a first-order 
initial-value problem of the form given in (2). We shall wait until Chapter 4 to address 
the question of existence and uniqueness of a second-order initial-value problem. 


THEOREM 1.2.1 Existence of a Unique Solution 


Let R be a rectangular region in the xy-plane defined by a S x S b,c S y S d 
that contains the point (xo, yo) in its interior. If f(x, y) and ðf /ðy are continuous 
on R, then there exists some interval Tọ: (xo — h, xo + h), h > 0, contained in 
[a, b], and a unique function y(x), defined on Jo, that is a solution of the initial- 
value problem (2). 


The foregoing result is one of the most popular existence and uniqueness theo- 
rems for first-order differential equations because the criteria of continuity of f(x, y) 
and df/dy are relatively easy to check. The geometry of Theorem 1.2.1 is illustrated 
in Figure 1.2.6. 


i EXAMPLE 5 Example 4 Revisited 


We saw in Example 4 that the differential equation dy/dx = xy? possesses at least 
two solutions whose graphs pass through (0, 0). Inspection of the functions 


foy -xy^ and Sa 
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shows that they are continuous in the upper half-plane defined by y > 0. Hence 
Theorem 1.2.1 enables us to conclude that through any point (xo, yo), yo > O in the 
upper half-plane there is some interval centered at xo on which the given differential 
equation has a unique solution. Thus, for example, even without solving it, we know 
that there exists some interval centered at 2 on which the initial-value problem 
dy/dx = xy!?, y(2) = 1 has a unique solution. a 


In Example 1, Theorem 1.2.1 guarantees that there are no other solutions of the 
initial-value problems y' = y, y(0) = 3 and y' = y, y(1) = —2 other than y = 3e* 
and y = —2e* |, respectively. This follows from the fact that f(x, y) — y and 
df/dy = 1 are continuous throughout the entire xy-plane. It can be further shown that 
the interval J on which each solution is defined is (— o, oc). 


INTERVAL OF EXISTENCE/UNIQUENESS Suppose y(x) represents a solution 
of the initial-value problem (2). The following three sets on the real x-axis may not 
be the same: the domain of the function y(x), the interval / over which the solution 
y(x) is defined or exists, and the interval Jp of existence and uniqueness. Example 2 
of Section 1.1 illustrated the difference between the domain of a function and the 
interval J of definition. Now suppose (xo, yo) is a point in the interior of the rectan- 
gular region R in Theorem 1.2.1. It turns out that the continuity of the function 
f(x, y) on R by itself is sufficient to guarantee the existence of at least one solution 
of dy/dx = f(x, y), y(xo) = yo, defined on some interval 7. The interval / of defini- 
tion for this initial-value problem is usually taken to be the largest interval contain- 
ing xo over which the solution y(x) is defined and differentiable. The interval 7 
depends on both f(x, y) and the initial condition y(xo) = yo. See Problems 31—34 in 
Exercises 1.2. The extra condition of continuity of the first partial derivative df /dy 
on R enables us to say that not only does a solution exist on some interval Jp con- 
taining xo, but it is the only solution satisfying y(xo) = yo. However, Theorem 1.2.1 
does not give any indication of the sizes of intervals J and Io; the interval I of 
definition need not be as wide as the region R, and the interval Io of existence and 
uniqueness may not be as large as I. The number h > 0 that defines the interval 
Io: (xo — h, xo + h) could be very small, so it is best to think that the solution y(x) 
is unique in a local sense —that is, a solution defined near the point (xo, yo). See 
Problem 44 in Exercises 1.2. 


l REMARKS 


(i) The conditions in Theorem 1.2.1 are sufficient but not necessary. This means 
that when f(x, y) and df/dy are continuous on a rectangular region R, it must 
always follow that a solution of (2) exists and is unique whenever (xo, yo) is a 
point interior to R. However, if the conditions stated in the hypothesis of 
Theorem 1.2.1 do not hold, then anything could happen: Problem (2) may still 
have a solution and this solution may be unique, or (2) may have several solu- 
tions, or it may have no solution at all. A rereading of Example 5 reveals that the 
hypotheses of Theorem 1.2.1 do not hold on the line y = 0 for the differential 
equation dy/dx = xy", so it is not surprising, as we saw in Example 4 of this 
section, that there are two solutions defined on a common interval —A < x < h 
satisfying y(0) — 0. On the other hand, the hypotheses of Theorem 1.2.1 do 
not hold on the line y = 1 for the differential equation dy/dx = |y — 1|. 
Nevertheless it can be proved that the solution of the initial-value problem 
dy/dx = |y — 1|, y(0) = 1, is unique. Can you guess this solution? 

(ii) You are encouraged to read, think about, work, and then keep in mind 
Problem 43 in Exercises 1.2. 
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EX E RC | S E S 1 . 2 Answers to selected odd-numbered problems begin on page ANS-1. 


In Problems 1 and 2, y = 1/(1 + cye~*) is a one-parameter 
family of solutions of the first-order DE y' = y — y?. Finda 
solution of the first-order IVP consisting of this differential 
equation and the given initial condition. 
1. y(0) = -i 2. y(-1) =2 

In Problems 3-6, y = 1/(x? + c) is a one-parameter family 
of solutions of the first-order DE y' + 2xy? = 0. Find a 
solution of the first-order IVP consisting of this differential 
equation and the given initial condition. Give the largest 
interval / over which the solution is defined. 


4. y(—2) =} 
6. y(z) = —4 


3. »0) = 3 
5. y(0) = 1 
In Problems 7—10, x = c; cos t + co sin t is a two-parameter 
family of solutions of the second-order DE x” + x = 0. Find 


a solution of the second-order IVP consisting of this differ- 
ential equation and the given initial conditions. 


7. x0) 2 -1, x'(0)=8 
8. x(7/2) 20, x'(7/2)= 1 
9. x(7/6) - i, x'(m/6) = 0 
10. x(7/4) = V2, x'(m/4) = 2V2 
In Problems 11-14, y = cye* + coe * is a two-parameter 
family of solutions of the second-order DE y" — y = 0. Find 


a solution of the second-order IVP consisting of this differ- 
ential equation and the given initial conditions. 


11. 0 2 1, y0 22 
12. D 20, y'(D-e 
13. (-D =5, y'(-D- -5 
14. (0) 20, »'(0 =0 


In Problems 15 and 16 determine by inspection at least two 
solutions of the given first-order IVP. 


15. y, = 3/5, y(0) =0 
16. xy 22y, y(0)—0 


In Problems 17-24 determine a region of the xy-plane for 
which the given differential equation would have a unique 
solution whose graph passes through a point (xo, yo) in the 
region. 


dy dy 
19. x — = 20. —— y — 
í dx d dx Tom 


21. (4— yy =x? 22. (1 + yy'- x? 
23. (x? + yy = y? 24. (y—-x)y' =yt+x 


In Problems 25 —28 determine whether Theorem 1.2.1 guar- 
antees that the differential equation y' = Vy? — 9 pos- 
sesses a unique solution through the given point. 


25. (1,4) 
27. (2, —3) 


26. (5,3) 
28. (—1, 1) 


29. (a) By inspection find a one-parameter family of solu- 
tions of the differential equation xy’ = y. Verify that 
each member of the family is a solution of the 
initial-value problem xy’ = y, y(0) = 0. 

(b) Explain part (a) by determining a region R in the 
xy-plane for which the differential equation xy’ = y 
would have a unique solution through a point (xo, yo) 


in R. 
(c) Verify that the piecewise-defined function 
J0 x «0 
a x, x20 


satisfies the condition y(0) = 0. Determine whether 
this function is also a solution of the initial-value 
problem in part (a). 


30. (a) Verify that y = tan (x + c) is a one-parameter family 
of solutions of the differential equation y' = 1 + y?. 
(b) Since f(x, y) = 1 + y? and af/dy = 2y are continu- 
ous everywhere, the region R in Theorem 1.2.1 can 
be taken to be the entire xy-plane. Use the family of 
solutions in part (a) to find an explicit solution of 
the first-order initial-value problem y' = 1 + y?, 
y(0) = 0. Even though xo = 0 is in the interval 
(—2, 2), explain why the solution is not defined on 
this interval. 


(c 


— 


Determine the largest interval J of definition for the 
solution of the initial-value problem in part (b). 


31. (a) Verify that y= —1/(x + c) is a one-parameter 
family of solutions of the differential equation 
y =y. 

(b) Since f(x, y) = y? and ðf/ðy = 2y are continuous 
everywhere, the region R in Theorem 1.2.1 can be 
taken to be the entire xy-plane. Find a solution from 
the family in part (a) that satisfies y(0) — 1. Then 
find a solution from the family in part (a) that 
satisfies y(0) = —1. Determine the largest interval 7 
of definition for the solution of each initial-value 
problem. 
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(c) Determine the largest interval / of definition for the 
solution of the first-order initial-value problem 
y' = y’, y(0) = 0. [Hint: The solution is not a mem- 
ber of the family of solutions in part (a).] 


32. (a) Show that a solution from the family in part (a) 
of Problem 31 that satisfies y' = y?, y(1) = 1, is 
y-1/Q - x). 

(b) Then show that a solution from the family in part (a) 
of Problem 31 that satisfies y' = y?, y(3) = —1, is 
y-1/Q - x). 

(c) Are the solutions in parts (a) and (b) the same? 


33. (a) Verify that 3x? — y? — c is a one-parameter fam- 
ily of solutions of the differential equation 
y dy/dx — 3x. 

(b) By hand, sketch the graph of the implicit solution 
3x? — y? = 3. Find all explicit solutions y = (x) of 
the DE in part (a) defined by this relation. Give the 
interval / of definition of each explicit solution. 


(c 


— 


The point (—2, 3) is on the graph of 3x? — y? = 3, 
but which of the explicit solutions in part (b) satis- 
fies y(—2) = 3? 


34. (a) Use the family of solutions in part (a) of Problem 33 
to find an implicit solution of the initial-value 
problem y dy/dx = 3x, y(2) = —4. Then, by hand, 
sketch the graph of the explicit solution of this 
problem and give its interval J of definition. 


(b) Are there any explicit solutions of y dy/dx = 3x 
that pass through the origin? 


In Problems 35-38 the graph of a member of a family 
of solutions of a second-order differential equation 
d^y/dx? = f(x, y, y') is given. Match the solution curve with 
at least one pair of the following initial conditions. 


fa) yO) = 1, y'(1)= -2 

(b) (71) — 0, y(—1)— —4 

© y¥D=1, y(1)-2 

(d) x0) = -1, yO)=2 

(e) yO) 7 -1, y'(0-0 

©) »0— 4, y'0)= -2 

35. 
ne 
5 X 

zs 
FIGURE 1.2.7 Graph for Problem 35 


36. 


37. 


38. 
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FIGURE 1.2.10 


Graph for Problem 38 


Discussion Problems 


In Problems 39 and 40 use Problem 51 in Exercises 1.1 and 
(2) and (3) of this section. 


39. 


40. 


41. 


Find a function y — f(x) whose graph at each point (x, y) 
has the slope given by 8e?*-- 6x and has the 
y-intercept (0, 9). 


Find a function y — f(x) whose second derivative is 
y" — I2x — 2 at each point (x, y) on its graph and 
y = —x + 5 is tangent to the graph at the point corre- 
sponding to x — 1. 


Consider the initial-value problem y'= x — 2y, 
y(0) = 1 Determine which of the two curves shown 
in Figure 1.2.11 is the only plausible solution curve. 
Explain your reasoning. 


42. 


43. 


44, 
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FIGURE 1.2.11 Graphs for Problem 41 


Determine a plausible value of xo for which the 
graph of the solution of the initial-value problem 
y' + 2y = 3x — 6, y(xo) = 0 is tangent to the x-axis at 
(xo, 0). Explain your reasoning. 


Suppose that the first-order differential equation 
dy/dx — f(x, y) possesses a one-parameter family of 
solutions and that f(x, y) satisfies the hypotheses of 
Theorem 1.2.1 in some rectangular region R of the 
xy-plane. Explain why two different solution curves 
cannot intersect or be tangent to each other at a point 


(Xo, yo) in R. 


The functions y(x) — ix, —oo < x < % and 
(x) 0, x«0 
x) = 
y ux x=0 


have the same domain but are clearly different. See 
Figures 1.2.12(a) and 1.2.12(b), respectively. Show that 
both functions are solutions of the initial-value problem 


(a) (b) 
FIGURE 1.2.12 Two solutions of the IVP in Problem 44 


dy/dx = xy?, y(2)=1 on the interval (—%, ©). 
Resolve the apparent contradiction between this fact 
and the last sentence in Example 5. 


Mathematical Model 


45. Population Growth Beginning in the next section 


we will see that differential equations can be used to 
describe or model many different physical systems. In 
this problem suppose that a model of the growing popu- 
lation of a small community is given by the initial-value 
problem 


dP 

ET = 0.15P( + 20, P(0) = 100, 
where P is the number of individuals in the community 
and time ¢ is measured in years. How fast—that is, at 
what rate—is the population increasing at f = 0? How 
fast is the population increasing when the population 
is 500? 
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REVIEW MATERIAL 


Newton's second law of motion 
Hooke's law 

Kirchhoff's laws 

Archimedes' principle 


INTRODUCTION 


these models in Chapters 3 and 5. 


Units of measurement for weight, mass, and density 


In this section we introduce the notion of a differential equation as a 
mathematical model and discuss some specific models in biology, chemistry, and physics. Once we 
have studied some methods for solving DEs in Chapters 2 and 4, we return to, and solve, some of 


MATHEMATICAL MODELS It is often desirable to describe the behavior of 
some real-life system or phenomenon, whether physical, sociological, or even eco- 
nomic, in mathematical terms. The mathematical description of a system of phenom- 
enon is called a mathematical model and is constructed with certain goals in mind. 
For example, we may wish to understand the mechanisms of a certain ecosystem by 
studying the growth of animal populations in that system, or we may wish to date 
fossils by analyzing the decay of a radioactive substance either in the fossil or in the 
stratum in which it was discovered. 
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Construction of a mathematical model of a system starts with 


(i) | identification of the variables that are responsible for changing the 
system. We may choose not to incorporate all these variables into the 
model at first. In this step we are specifying the level of resolution of 
the model. 


Next 


(ii) we make a set of reasonable assumptions, or hypotheses, about the 
system we are trying to describe. These assumptions will also include 
any empirical laws that may be applicable to the system. 


For some purposes it may be perfectly within reason to be content with low- 
resolution models. For example, you may already be aware that in beginning 
physics courses, the retarding force of air friction is sometimes ignored in modeling 
the motion of a body falling near the surface of the Earth, but if you are a scientist 
whose job it is to accurately predict the flight path of a long-range projectile, 
you have to take into account air resistance and other factors such as the curvature 
of the Earth. 

Since the assumptions made about a system frequently involve a rate of change 
of one or more of the variables, the mathematical depiction of all these assumptions 
may be one or more equations involving derivatives. In other words, the mathemat- 
ical model may be a differential equation or a system of differential equations. 

Once we have formulated a mathematical model that is either a differential equa- 
tion or a system of differential equations, we are faced with the not insignificant 
problem of trying to solve it. /f we can solve it, then we deem the model to be reason- 
able if its solution is consistent with either experimental data or known facts about 
the behavior of the system. But if the predictions produced by the solution are poor, 
we can either increase the level of resolution of the model or make alternative as- 
sumptions about the mechanisms for change in the system. The steps of the model- 
ing process are then repeated, as shown in the following diagram: 


- Express assumptions in terms Mathematical 
Assumptions of differential equations formulation 
l 
If necessary, 
alter assumptions Solve the DEs 
or increase resolution 
of model 
l 
L 
Mw B Display model predictions Obtain 
Peon wil (e.g., graphically) solutions 
known facts 


Of course, by increasing the resolution, we add to the complexity of the mathemati- 
cal model and increase the likelihood that we cannot obtain an explicit solution. 

A mathematical model of a physical system will often involve the variable time t. 
A solution of the model then gives the state of the system; in other words, the values 
of the dependent variable (or variables) for appropriate values of t describe the system 
in the past, present, and future. 


POPULATION DYNAMICS One of the earliest attempts to model human popula- 
tion growth by means of mathematics was by the English economist Thomas Malthus 
in 1798. Basically, the idea behind the Malthusian model is the assumption that the rate 
at which the population of a country grows at a certain time is proportional’ to the total 
population of the country at that time. In other words, the more people there are at time t, 
the more there are going to be in the future. In mathematical terms, if P(t) denotes the 


“If two quantities u and v are proportional, we write u « v. This means that one quantity is a constant 
multiple of the other: u — kv. 
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total population at time f, then this assumption can be expressed as 


= «P Lam kP 1 
dt o dt ? (Y) 
where k is a constant of proportionality. This simple model, which fails to take into 
account many factors that can influence human populations to either grow or decline 
(immigration and emigration, for example), nevertheless turned out to be fairly accu- 
rate in predicting the population of the United States during the years 1790— 1860. 
Populations that grow at a rate described by (1) are rare; nevertheless, (1) is still used 
to model growth of small populations over short intervals of time (bacteria growing 
in a petri dish, for example). 


RADIOACTIVE DECAY The nucleus of an atom consists of combinations of pro- 
tons and neutrons. Many of these combinations of protons and neutrons are unstable — 
that is, the atoms decay or transmute into atoms of another substance. Such nuclei are 
said to be radioactive. For example, over time the highly radioactive radium, Ra-226, 
transmutes into the radioactive gas radon, Rn-222. To model the phenomenon of 
radioactive decay, it is assumed that the rate dA/dt at which the nuclei of a sub- 
stance decay is proportional to the amount (more precisely, the number of nuclei) 
A(t) of the substance remaining at time f: 


dA 
aA 


dt 


3i kA. (2) 
Of course, equations (1) and (2) are exactly the same; the difference is only in the in- 
terpretation of the symbols and the constants of proportionality. For growth, as we 
expect in (1), k > 0, and for decay, as in (2), k « 0. 

The model (1) for growth can also be seen as the equation d S/dt = rS, which 
describes the growth of capital S when an annual rate of interest r is compounded 
continuously. The model (2) for decay also occurs in biological applications such as 
determining the half-life of a drug—the time that it takes for 50% of a drug to be 
eliminated from a body by excretion or metabolism. In chemistry the decay model 
(2) appears in the mathematical description of a first-order chemical reaction. The 
point is this: 


A single differential equation can serve as a mathematical model for many 
different phenomena. 


Mathematical models are often accompanied by certain side conditions. For ex- 
ample, in (1) and (2) we would expect to know, in turn, the initial population Po and 
the initial amount of radioactive substance Ao on hand. If the initial point in time is 
taken to be tf = 0, then we know that P(0) = Po and A(0) = Ao. In other words, a 
mathematical model can consist of either an initial-value problem or, as we shall see 
later on in Section 5.2, a boundary-value problem. 


NEWTON'S LAW OF COOLING/WARMING According to Newton's empiri- 
cal law of cooling/warming, the rate at which the temperature of a body changes is 
proportional to the difference between the temperature of the body and the temper- 
ature of the surrounding medium, the so-called ambient temperature. If 7(f) repre- 
sents the temperature of a body at time f, Tm the temperature of the surrounding 
medium, and dT/dt the rate at which the temperature of the body changes, then 
Newton's law of cooling/warming translates into the mathematical statement 


e T-T d KG =f.) (3) 
-> = or — = = i 
dt m df m 


where k is a constant of proportionality. In either case, cooling or warming, if Tm is a 
constant, it stands to reason that k « 0. 
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CHAPTER 1 


INTRODUCTION TO DIFFERENTIAL EQUATIONS 


SPREAD OF A DISEASE A contagious disease—for example, a flu virus—is 
spread throughout a community by people coming into contact with other people. Let 
x(t) denote the number of people who have contracted the disease and y(t) denote the 
number of people who have not yet been exposed. It seems reasonable to assume that 
the rate dx/dt at which the disease spreads is proportional to the number of encoun- 
ters, or interactions, between these two groups of people. If we assume that the num- 
ber of interactions is jointly proportional to x(f) and y(t) —that is, proportional to the 
product xy —then 


dE 4 

mo ga (4) 
where k is the usual constant of proportionality. Suppose a small community has a 
fixed population of n people. If one infected person is introduced into this commu- 
nity, then it could be argued that x(t) and y(t) are related by x + y = n + 1. Using 
this last equation to eliminate y in (4) gives us the model 


z = kx(n + 1 — x). (5) 


An obvious initial condition accompanying equation (5) is x(0) — 1. 


CHEMICAL REACTIONS The disintegration of a radioactive substance, governed 
by the differential equation (1), is said to be a first-order reaction. In chemistry 
a few reactions follow this same empirical law: If the molecules of substance A 
decompose into smaller molecules, it is a natural assumption that the rate at which 
this decomposition takes place is proportional to the amount of the first substance 
that has not undergone conversion; that is, if X(f) is the amount of substance A 
remaining at any time, then dX/dt = kX, where k is a negative constant since X is 
decreasing. An example of a first-order chemical reaction is the conversion of t-butyl 
chloride, (CH3)5CCI, into t-butyl alcohol, (CH3)3COH: 


(CH;),CCI + NaOH — (CH;),COH + NaCl. 


Only the concentration of the t-butyl chloride controls the rate of reaction. But in the 
reaction 


CH;Cl + NaOH — CHOH + NaCl 


one molecule of sodium hydroxide, NaOH, is consumed for every molecule of 
methyl chloride, CH3Cl, thus forming one molecule of methyl alcohol, CH3OH, and 
one molecule of sodium chloride, NaCl. In this case the rate at which the reaction 
proceeds is proportional to the product of the remaining concentrations of CH3Cl and 
NaOH. To describe this second reaction in general, let us suppose one molecule of a 
substance A combines with one molecule of a substance B to form one molecule of a 
substance C. If X denotes the amount of chemical C formed at time f and if œ and B 
are, in turn, the amounts of the two chemicals A and B at t = O (the initial amounts), 
then the instantaneous amounts of A and B not converted to chemical C are a — X 
and B — X, respectively. Hence the rate of formation of C is given by 


dX 

= k(a — XB — X), (6) 
dt 
where k is a constant of proportionality. A reaction whose model is equation (6) is 
said to be a second-order reaction. 


MIXTURES The mixing of two salt solutions of differing concentrations gives 
rise to a first-order differential equation for the amount of salt contained in the mix- 
ture. Let us suppose that a large mixing tank initially holds 300 gallons of brine (that 
is, water in which a certain number of pounds of salt has been dissolved). Another 


input rate of brine 
3 gal/min 


—--*---.1 
Da 


constant 
300 gal 


output rate of brine 
3 gal/min 


FIGURE 1.3.1 Mixing tank 


FIGURE 1.3.2 Draining tank 
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brine solution is pumped into the large tank at a rate of 3 gallons per minute; the 
concentration of the salt in this inflow is 2 pounds per gallon. When the solution in 
the tank is well stirred, it is pumped out at the same rate as the entering solution. See 
Figure 1.3.1. If A(t) denotes the amount of salt (measured in pounds) in the tank at 
time f, then the rate at which A(t) changes is a net rate: 


dA input rate output rate 

a. á )-( j )= 5. - Rur (7) 
dt of salt of salt 

The input rate Rj, at which salt enters the tank is the product of the inflow concentra- 
tion of salt and the inflow rate of fluid. Note that Rin is measured in pounds per 
minute: 


concentration 
of salt input rate input rate 
in inflow of brine of salt 


Ri, = (2 lb/gal) - (3 gal/min) = (6 Ib/min). 


Now, since the solution is being pumped out of the tank at the same rate that it is 
pumped in, the number of gallons of brine in the tank at time ft is a constant 300 gal- 
lons. Hence the concentration of the salt in the tank as well as in the outflow is 
c(t) = A(t)/300 Ib/gal, so the output rate R our of salt is 


concentration 
of salt output rate ^ output rate 
in outflow of brine of salt 
| l l 
(A | l AD, 
Row = pa Ib/gal| - (3 gal/min) = 100 Ib/min. 
The net rate (7) then becomes 

dA A dA 1 
e eere Z E —-A-É. 
4 7n 7 da^" (8) 


If rin and Fou denote general input and output rates of the brine solutions,” then 
there are three possibilities: rin = Fouts Fin > Your, and Fin < Four. In the analysis lead- 
ing to (8) we have assumed that r;, = Fout. In the latter two cases the number of gal- 
lons of brine in the tank is either increasing (Tin > Fout) or decreasing (Fin < Fout) at 
the net rate rin — Fout. See Problems 10—12 in Exercises 1.3. 


DRAINING A TANK In hydrodynamics Torricelli’s law states that the speed v of 
efflux of water though a sharp-edged hole at the bottom of a tank filled to a depth h 
is the same as the speed that a body (in this case a drop of water) would acquire in 
falling freely from a height h— that is, v = V2gh, where g is the acceleration due to 
gravity. This last expression comes from equating the kinetic energy mv? with the 
potential energy mgh and solving for v. Suppose a tank filled with water is allowed to 
drain through a hole under the influence of gravity. We would like to find the depth h 
of water remaining in the tank at time t. Consider the tank shown in Figure 1.3.2. If 
the area of the hole is A; (in ft?) and the speed of the water leaving the tank is 
v = V2gh (in ft/s), then the volume of water leaving the tank per second is A; V 2gh 
(in ft?/s). Thus if V(t) denotes the volume of water in the tank at time f, then 
dV _ 


dt =A; M 2gh, (9) 


"Don't confuse these symbols with Rj, and Ron, which are input and output rates of salt. 
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E(t) E R 


| | 
N 
C 


(a) LRC-series circuit 


Inductor 
inductance L: henries (h) 
di 


voltage drop across: L ui 


A —— 


L 


Resistor 
resistance R: ohms (Q) 
voltage drop across: iR 


Capacitor 
capacitance C: farads (f) 


1 
voltage drop across: c4 


|| 
I | 
C 
(b) 


FIGURE 1.3.3 Symbols, units, and 

voltages. Current i(f) and charge q(t) are 
measured in amperes (A) and coulombs 
(C), respectively 


FIGURE 1.3.4 Position of rock 


measured from ground level 


where the minus sign indicates that V is decreasing. Note here that we are ignoring 
the possibility of friction at the hole that might cause a reduction of the rate of flow 
there. Now if the tank is such that the volume of water in it at time ¢ can be written 
V(t) = A,,h, where A,, (in ft?) is the constant area of the upper surface of the water 
(see Figure 1.3.2), then dV/dt = A, dh/dt. Substituting this last expression into (9) 
gives us the desired differential equation for the height of the water at time t: 


dio A, 


= 2gh. 10 
"s A. 8 (10) 


It is interesting to note that (10) remains valid even when A,, is not constant. In this 
case we must express the upper surface area of the water as a function of h— that is, 
Aw = A(h). See Problem 14 in Exercises 1.3. 


SERIES CIRCUITS Consider the single-loop series circuit shown in Figure 1.3.3(a), 
containing an inductor, resistor, and capacitor. The current in a circuit after a switch 
is closed is denoted by i(t); the charge on a capacitor at time t is denoted by q(t). The 
letters L, R, and C are known as inductance, resistance, and capacitance, respectively, 
and are generally constants. Now according to Kirchhoff's second law, the im- 
pressed voltage E(t) on a closed loop must equal the sum of the voltage drops in the 
loop. Figure 1.3.3(b) shows the symbols and the formulas for the respective voltage 
drops across an inductor, a capacitor, and a resistor. Since current i(f) is related to 
charge q(t) on the capacitor by i = dq/dt, adding the three voltages 


inductor resistor capacitor 
di d? d 1 
LŽ =L  iR-RÍ amd 44 
dt d? dt C 


and equating the sum to the impressed voltage yields a second-order differential 
equation 


2 1 
PT a t a (11) 


E 
dr dt C 


We will examine a differential equation analogous to (11) in great detail in 
Section 5.1. 


FALLING BODIES To construct a mathematical model of the motion of a body 
moving in a force field, one often starts with Newton’s second law of motion. Recall 
from elementary physics that Newton’s first law of motion states that a body either 
will remain at rest or will continue to move with a constant velocity unless acted on 
by an external force. In each case this is equivalent to saying that when the sum of 
the forces F = Y, F, —that is, the net or resultant force — acting on the body is zero, 
then the acceleration a of the body is zero. Newton's second law of motion 
indicates that when the net force acting on a body is not zero, then the net force is 
proportional to its acceleration a or, more precisely, F — ma, where m is the mass of 
the body. 

Now suppose a rock is tossed upward from the roof of a building as illustrated in 
Figure 1.3.4. What is the position s(t) of the rock relative to the ground at time t? The 
acceleration of the rock is the second derivative d?s/d1?. If we assume that the up- 
ward direction is positive and that no force acts on the rock other than the force of 
gravity, then Newton's second law gives 


d?s d?s 
=— or — = —g, 
OP ue dt d 


(12) 


In other words, the net force is simply the weight F = F; = —W of the rock near the 
surface of the Earth. Recall that the magnitude of the weight is W — mg, where m is 


kv 
positive | air resistance 
direction Q 
| gravity 
mg 


FIGURE 1.3.5 Falling body of mass m 


(a) suspension bridge cable 


(b) telephone wires 


FIGURE 1.3.6 Cables suspended 
between vertical supports 


FIGURE 1.3.7 Element of cable 
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the mass of the body and g is the acceleration due to gravity. The minus sign in (12) is 
used because the weight of the rock is a force directed downward, which is opposite 
to the positive direction. If the height of the building is sọ and the initial velocity of the 
rock is vo, then s is determined from the second-order initial-value problem 


d?s ; 
—5 = =g, s(0)— so s'(0) = vo. (13) 
dt 

Although we have not been stressing solutions of the equations we have con- 
structed, note that (13) can be solved by integrating the constant —g twice with 
respect to t. The initial conditions determine the two constants of integration. 
From elementary physics you might recognize the solution of (13) as the formula 
s(t) = —igf + vot + So. 


FALLING BODIES AND AIR RESISTANCE Before Galileo’s famous experiment 
from the leaning tower of Pisa, it was generally believed that heavier objects in free 
fall, such as a cannonball, fell with a greater acceleration than lighter objects, such as 
a feather. Obviously, a cannonball and a feather when dropped simultaneously from 
the same height do fall at different rates, but it is not because a cannonball is heavier. 
The difference in rates is due to air resistance. The resistive force of air was ignored 
in the model given in (13). Under some circumstances a falling body of mass m, such 
as a feather with low density and irregular shape, encounters air resistance propor- 
tional to its instantaneous velocity v. If we take, in this circumstance, the positive 
direction to be oriented downward, then the net force acting on the mass is given by 
F = F, + Fy = mg — kv, where the weight F' = mg of the body is force acting in the 
positive direction and air resistance F) = —kv is a force, called viscous damping, 
acting in the opposite or upward direction. See Figure 1.3.5. Now since v is related to 
acceleration a by a = dv/dt, Newton’s second law becomes F = ma = m dv/dt. By 
equating the net force to this form of Newton’s second law, we obtain a first-order 
differential equation for the velocity v(t) of the body at time t, 


OF pig Sib (14) 
m E mg : 


Here k is a positive constant of proportionality. If s(t) is the distance the body falls in 
time ¢ from its initial point of release, then v = ds/dt and a = dv/dt = d?s/dt?. In 
terms of s, (14) is a second-order differential equation 


d?s , 25 25 " p” (15) 
m= = mg —k— or m— — = mg. 
dt? i dt dt? dt P 


SUSPENDED CABLES Suppose a flexible cable, wire, or heavy rope is suspended 
between two vertical supports. Physical examples of this could be one of the two 
cables supporting the roadbed of a suspension bridge as shown in Figure 1.3.6(a) or 
a long telephone wire strung between two posts as shown in Figure 1.3.6(b). Our goal 
is to construct a mathematical model that describes the shape that such a cable 
assumes. 

To begin, let’s agree to examine only a portion or element of the cable between 
its lowest point P, and any arbitrary point P5. As drawn in blue in Figure 1.3.7, this 
element of the cable is the curve in a rectangular coordinate system with y-axis cho- 
sen to pass through the lowest point P, on the curve and the x-axis chosen a units 
below P. Three forces are acting on the cable: the tensions T; and T» in the cable 
that are tangent to the cable at P, and P», respectively, and the portion W of the total 
vertical load between the points P; and P». Let T; —|T;|, 7T; = |T;|, and 
W = |W] denote the magnitudes of these vectors. Now the tension T» resolves 
into horizontal and vertical components (scalar quantities) T cos 0 and T» sin 0. 


26 


CHAPTER 1 INTRODUCTION TO DIFFERENTIAL EQUATIONS 


ld 
let yx ayer ey outed 


but up x ud x2) s ate” exw^ + (x? — ew = 0 
B w= Chg (2) + Cg vu), From 
Ji) = 440-4, 0 
x 


and J/G0- ics FENCE 


Because of static equilibrium we can write 
T, = T, cos 0 and W = T, sin 0. 


By dividing the last equation by the first, we eliminate 7T» and get tan 0 = W/T. But 
because dy/dx = tan 0, we arrive at 


dy W 
— —— 16 
dx Ti MS) 
This simple first-order differential equation serves as a model for both the shape of a 
flexible wire such as a telephone wire hanging under its own weight and the shape of 
the cables that support the roadbed of a suspension bridge. We will come back to 
equation (16) in Exercises 2.2 and Section 5.3. 


WHAT LIES AHEAD Throughout this text you will see three different types of 
approaches to, or analyses of, differential equations. Over the centuries differential 
equations would often spring from the efforts of a scientist or engineer to describe 
some physical phenomenon or to translate an empirical or experimental law into 
mathematical terms. As a consequence a scientist, engineer, or mathematician would 
often spend many years of his or her life trying to find the solutions of a DE. With a 
solution in hand, the study of its properties then followed. This quest for solutions is 
called by some the analytical approach to differential equations. Once they realized 
that explicit solutions are at best difficult to obtain and at worst impossible to obtain, 
mathematicians learned that a differential equation itself could be a font of valuable 
information. It is possible, in some instances, to glean directly from the differential 
equation answers to questions such as Does the DE actually have solutions? If a 
solution of the DE exists and satisfies an initial condition, is it the only such solu- 
tion? What are some of the properties of the unknown solutions? What can we say 
about the geometry of the solution curves? Such an approach is qualitative analysis. 
Finally, if a differential equation cannot be solved by analytical methods, yet we 
can prove that a solution exists, the next logical query is Can we somehow approxi- 
mate the values of an unknown solution? Here we enter the realm of numerical 
analysis. An affirmative answer to the last question stems from the fact that a differ- 
ential equation can be used as a cornerstone for constructing very accurate approxi- 
mation algorithms. In Chapter 2 we start with qualitative considerations of first-order 
ODEs, then examine analytical stratagems for solving some special first-order equa- 
tions, and conclude with an introduction to an elementary numerical method. See 
Figure 1.3.8. 


(a) analytical 


(b) qualitative (c) numerical 


FIGURE 1.3.8 Different approaches to the study of differential equations 
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REMARKS 


Each example in this section has described a dynamical system —a system that 
changes or evolves with the flow of time t. Since the study of dynamical 
systems is a branch of mathematics currently in vogue, we shall occasionally 
relate the terminology of that field to the discussion at hand. 

In more precise terms, a dynamical system consists of a set of time- 
dependent variables, called state variables, together with a rule that enables 
us to determine (without ambiguity) the state of the system (this may be a past, 
present, or future state) in terms of a state prescribed at some time tọ. Dynamical 
systems are classified as either discrete-time systems or continuous-time systems. 
In this course we shall be concerned only with continuous-time systems — 
systems in which a// variables are defined over a continuous range of time. The 
rule, or mathematical model, in a continuous-time dynamical system is a differ- 
ential equation or a system of differential equations. The state of the system 
at a time f is the value of the state variables at that time; the specified state of 
the system at a time fo is simply the initial conditions that accompany the math- 
ematical model. The solution of the initial-value problem is referred to as the 
response of the system. For example, in the case of radioactive decay, the rule 
is dA/dt = kA. Now if the quantity of a radioactive substance at some time fo is 
known, say A(fo) = Ao, then by solving the rule we find that the response of the 
system for t = to is A(t) = Age“ (see Section 3.1). The response A(f) is the 
single state variable for this system. In the case of the rock tossed from the roof 
of a building, the response of the system—the solution of the differential 
equation d?s/dt? = —g, subject to the initial state s(0) = so, s'(0) = vo, is the 
function s(t) = —igf + vot + 59,0 =t=T, where T represents the time 
when the rock hits the ground. The state variables are s(t) and s'(r), which 
are the vertical position of the rock above ground and its velocity at time t, 
respectively. The acceleration s"(f) is not a state variable, since we have to know 
only any initial position and initial velocity at a time fo to uniquely determine 
the rock's position s(f) and velocity s'(f) = v(f) for any time in the interval 
to € t ST. The acceleration s"(f) = a(t) is, of course, given by the differential 
equation s"(t) = —g,0 € t< T. 

One last point: Not every system studied in this text is a dynamical system. 
We shall also examine some static systems in which the model is a differential 
equation. 


EX E RC | S E S 1 . 3 Answers to selected odd-numbered problems begin on page ANS-1. 


Population Dynamics 


1. Under the same assumptions that underlie the model in 


(1), determine a differential equation for the population 
P(t) of a country when individuals are allowed to 
immigrate into the country at a constant rate r > 0. 
What is the differential equation for the population P(t) 
of the country when individuals are allowed to emigrate 
from the country at a constant rate r > 0? 


. The population model given in (1) fails to take death 
into consideration; the growth rate equals the birth rate. 
In another model of a changing population of a commu- 
nity it is assumed that the rate at which the population 
changes is a net rate — that is, the difference between 


the rate of births and the rate of deaths in the commu- 
nity. Determine a model for the population P(t) if both 
the birth rate and the death rate are proportional to the 
population present at time f. 


. Using the concept of net rate introduced in Problem 2, 


determine a model for a population P(¢) if the birth rate 
is proportional to the population present at time f but the 
death rate is proportional to the square of the population 
present at time f. 


. Modify the model in Problem 3 for net rate at which 


the population P(f) of a certain kind of fish changes by 
also assuming that the fish are harvested at a constant 
rate h > 0. 
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Newton’s Law of Cooling/Warming 


5. 


A cup of coffee cools according to Newton’s law of 
cooling (3). Use data from the graph of the temperature 
T(t) in Figure 1.3.9 to estimate the constants Tm, To, and 
k in a model of the form of a first-order initial-value 
problem: dT/dt = k(T — Tm), T(0) = To. 


TA 
200 T 
150 7 
100 + 
507 
0 25 50 75 100 T 
minutes 


FIGURE 1.3.9 Cooling curve in Problem 5 


. The ambient temperature 7,, in (3) could be a function 


of time ¢ Suppose that in an artificially controlled 
environment, 7,,(f) is periodic with a 24-hour period, 
as illustrated in Figure 1.3.10. Devise a mathematical 
model for the temperature T(t) of a body within this 
environment. 


T4) 4 
120 + 


100. 
80 | 
60 | 
40 | 


— 
0 12 24 36 48 t 
midnight noon midnight noon midnight 


FIGURE 1.3.10 Ambient temperature in Problem 6 


Spread of a Disease/Technology 


7. 


Suppose a student carrying a flu virus returns to an iso- 
lated college campus of 1000 students. Determine a dif- 
ferential equation for the number of people x(t) who have 
contracted the flu if the rate at which the disease spreads 
is proportional to the number of interactions between the 
number of students who have the flu and the number of 
students who have not yet been exposed to it. 


. Ata time denoted as t = 0 a technological innovation is 


introduced into a community that has a fixed population 
of n people. Determine a differential equation for the 


INTRODUCTION TO DIFFERENTIAL EQUATIONS 


number of people x(t) who have adopted the innovation 
at time f if itis assumed that the rate at which the innova- 
tions spread through the community is jointly propor- 
tional to the number of people who have adopted it and 
the number of people who have not adopted it. 


Mixtures 


9. 


10. 


11. 


12. 


Suppose that a large mixing tank initially holds 300 gal- 
lons of water in which 50 pounds of salt have been dis- 
solved. Pure water is pumped into the tank at a rate of 
3 gal/min, and when the solution is well stirred, it is 
then pumped out at the same rate. Determine a differen- 
tial equation for the amount of salt A(t) in the tank at 
time f. What is A(0)? 


Suppose that a large mixing tank initially holds 300 gal- 
lons of water is which 50 pounds of salt have been 
dissolved. Another brine solution is pumped into the tank 
at a rate of 3 gal/min, and when the solution is well 
stirred, it is then pumped out at a slower rate of 2 gal/min. 
If the concentration of the solution entering is 2 lb/gal, 
determine a differential equation for the amount of salt 
A(t) in the tank at time t. 


What is the differential equation in Problem 10, if the 
well-stirred solution is pumped out at a faster rate of 
3.5 gal/min? 


Generalize the model given in equation (8) on page 23 
by assuming that the large tank initially contains No 
number of gallons of brine, rin and Fou are the input and 
output rates of the brine, respectively (measured in gal- 
lons per minute), Cin is the concentration of the salt in 
the inflow, c(t) the concentration of the salt in the tank 
as well as in the outflow at time ¢ (measured in pounds 
of salt per gallon), and A(t) is the amount of salt in the 
tank at time f. 


Draining a Tank 


13. 


Suppose water is leaking from a tank through a circular 
hole of area A; at its bottom. When water leaks through a 
hole, friction and contraction of the stream near the hole 
reduce the volume of water leaving the tank per second to 
cA, V 2gh, where c (0 < c < 1) is an empirical constant. 
Determine a differential equation for the height h of water 
at time f for the cubical tank shown in Figure 1.3.11. The 
radius of the hole is 2 in., and g — 32 ft/s?. 


circular | 
hole 


FIGURE 1.3.11  Cubical tank in Problem 13 
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14. The right-circular conical tank shown in Figure 1.3.12 
loses water out of a circular hole at its bottom. Determine 
a differential equation for the height of the water h at 
time f. The radius of the hole is 2 in., g = 32 ft/s?, and 
the friction/contraction factor introduced in Problem 13 
isc = 0.6. 


^ circular hole 


{ 
i 
4 


FIGURE 1.3.12 Conical tank in Problem 14 


Series Circuits 


15. A series circuit contains a resistor and an inductor as 
shown in Figure 1.3.13. Determine a differential equa- 
tion for the current i(t) if the resistance is R, the induc- 
tance is L, and the impressed voltage is E(f). 


ANN: 
R 


FIGURE 1.3.13 LR series circuit in Problem 15 
16. A series circuit contains a resistor and a capacitor as 
shown in Figure 1.3.14. Determine a differential equa- 
tion for the charge g(t) on the capacitor if the resis- 
tance is R, the capacitance is C, and the impressed 
voltage is E(t). 


FIGURE 1.3.14 RC series circuit in Problem 16 


Falling Bodies and Air Resistance 


17. For high-speed motion through the air—such as the 
skydiver shown in Figure 1.3.15, falling before the para- 
chute is opened —air resistance is closer to a power of 
the instantaneous velocity v(t). Determine a differential 
equation for the velocity v(t) of a falling body of mass m 
if air resistance is proportional to the square of the 
instantaneous velocity. 


mg 


FIGURE 1.3.15 Air resistance proportional to square of 
velocity in Problem 17 


Newton's Second Law and Archimedes' Principle 


18. A cylindrical barrel s feet in diameter of weight w lb 
is floating in water as shown in Figure 1.3.16(a). After 
an initial depression the barrel exhibits an up-and- 
down bobbing motion along a vertical line. Using 
Figure 1.3.16(b), determine a differential equation for 
the vertical displacement y(t) if the origin is taken to be 
on the vertical axis at the surface of the water when the 
barrel is at rest. Use Archimedes’ principle: Buoyancy, 
or upward force of the water on the barrel, is equal to 
the weight of the water displaced. Assume that the 
downward direction is positive, that the weight density 
of water is 62.4 lb/ft?, and that there is no resistance 
between the barrel and the water. 


surface #5 > x0 


(a) (b) 


FIGURE 1.3.16 Bobbing motion of floating barrel in 
Problem 18 


Newton's Second Law and Hooke's Law 


19. After a mass m is attached to a spring, it stretches it 
s units and then hangs at rest in the equilibrium position 
as shown in Figure 1.3.17(b). After the spring/mass 


unstretched a x(f) «0 
spring = --l-x-0 
equilibrium xO »0 
position mf 
(a (b) (o 


FIGURE 1.3.17  Spring/mass system in Problem 19 
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system has been set in motion, let x(t) denote the di- 
rected distance of the mass beyond the equilibrium po- 
sition. As indicated in Figure 1.3.17(c), assume that the 
downward direction is positive, that the motion takes 
place in a vertical straight line through the center of 
gravity of the mass, and that the only forces acting on 
the system are the weight of the mass and the restoring 
force of the stretched spring. Use Hooke’s law: The 
restoring force of a spring is proportional to its total 
elongation. Determine a differential equation for the 
displacement x(t) at time t. 


In Problem 19, what is a differential equation for the 
displacement x(t) if the motion takes place in a medium 
that imparts a damping force on the spring/mass system 
that is proportional to the instantaneous velocity of the 
mass and acts in a direction opposite to that of motion? 


Newton's Second Law and the Law 
of Universal Gravitation 


21. 


22. 


By Newton's universal law of gravitation the free-fall 
acceleration a of a body, such as the satellite shown in 
Figure 1.3.18, falling a great distance to the surface is not 
the constant g. Rather, the acceleration a is inversely pro- 
portional to the square of the distance from the center of 
the Earth, a = k/ r?°, where k is the constant of proportion- 
ality. Use the fact that at the surface of the Earth r = R and 
a = g to determine k. If the positive direction is upward, 
use Newton’s second law and his universal law of gravita- 
tion to find a differential equation for the distance 1: 


satellite of 


FIGURE 1.3.18 Satellite 


in Problem 21 Earth of mass M 


Suppose a hole is drilled through the center of the Earth 
and a bowling ball of mass m is dropped into the hole, as 
shown in Figure 1.3.19. Construct a mathematical model 
that describes the motion of the ball. At time t let r de- 
note the distance from the center of the Earth to the mass 
m, M denote the mass of the Earth, M, denote the mass of 
that portion of the Earth within a sphere of radius r, and 
6 denote the constant density of the Earth. 


surface 


FIGURE 1.3.19 Hole through 
Earth in Problem 22 


Additional Mathematical Models 


23. Learning Theory In the theory of learning, the rate at 


which a subject is memorized is assumed to be pro- 
portional to the amount that is left to be memorized. 
Suppose M denotes the total amount of a subject to be 
memorized and A(t) is the amount memorized in time f. 
Determine a differential equation for the amount A(t). 


24. Forgetfulness In Problem 23 assume that the rate at 


which material is forgotten is proportional to the amount 
memorized in time ¢. Determine a differential equation 
for the amount A(t) when forgetfulness is taken into 
account. 


25. Infusion of a Drug A drug is infused into a patient's 


bloodstream at a constant rate of r grams per second. 
Simultaneously, the drug is removed at a rate proportional 
to the amount x(t) of the drug present at time t. Determine 
a differential equation for the amount x(t). 


26. Tractrix A person P, starting at the origin, moves in the 


direction of the positive x-axis, pulling a weight along 
the curve C, called a tractrix, as shown in Figure 1.3.20. 
The weight, initially located on the y-axis at (0, 5), is 
pulled by a rope of constant length s, which is kept taut 
throughout the motion. Determine a differential equation 
for the path C of motion. Assume that the rope is always 
tangent to C. 


FIGURE 1.3.20  Tractrix curve in Problem 26 


27. Reflecting Surface Assume that when the plane 


curve C shown in Figure 1.3.21 is revolved about the 
x-axis, it generates a surface of revolution with the prop- 
erty that all light rays L parallel to the x-axis striking the 
surface are reflected to a single point O (the origin). Use 
the fact that the angle of incidence is equal to the angle 
of reflection to determine a differential equation that 


tangent 


> 
x 


FIGURE 1.3.21 Reflecting surface in Problem 27 
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describes the shape of the curve C. Such a curve C is 
important in applications ranging from construction of 
telescopes to satellite antennas, automobile headlights, 
and solar collectors. [Hint: Inspection of the figure 
shows that we can write o = 20. Why? Now use an 
appropriate trigonometric identity. ] 


Discussion Problems 


28. 


29. 


30. 


31. 


32. 


Reread Problem 41 in Exercises 1.1 and then give an 
explicit solution P(f) for equation (1). Find a one- 
parameter family of solutions of (1). 


Reread the sentence following equation (3) and assume 
that T„ is a positive constant. Discuss why we would ex- 
pect k < 0 in (3) in both cases of cooling and warming. 
You might start by interpreting, say, T(t) > Tm in a 
graphical manner. 


Reread the discussion leading up to equation (8). If we 
assume that initially the tank holds, say, 50 Ib of salt, it 
stands to reason that because salt is being added to the 
tank continuously for t > 0, A(t) should be an increas- 
ing function. Discuss how you might determine from 
the DE, without actually solving it, the number of 
pounds of salt in the tank after a long period of time. 


Population Model The differential 


dP 
E = (kcos f)P, where k is a positive constant, is a 


model of human population P(t) of a certain commu- 
nity. Discuss an interpretation for the solution of this 
equation. In other words, what kind of population do 
you think the differential equation describes? 


equation 


Rotating Fluid As shown in Figure 1.3.22(a), a right- 
circular cylinder partially filled with fluid is rotated 
with a constant angular velocity w about a vertical y-axis 
through its center. The rotating fluid forms a surface of 
revolution S. To identify S, we first establish a coordinate 
system consisting of a vertical plane determined by the 
y-axis and an x-axis drawn perpendicular to the y-axis 
such that the point of intersection of the axes (the origin) 
is located at the lowest point on the surface S. We then 
seek a function y = f(x) that represents the curve C of in- 
tersection of the surface S and the vertical coordinate 
plane. Let the point P(x, y) denote the position of a parti- 
cle of the rotating fluid of mass m in the coordinate 
plane. See Figure 1.3.22(b). 


(a) At P there is a reaction force of magnitude F due to 
the other particles of the fluid which is normal to the 
surface S. By Newton's second law the magnitude 
of the net force acting on the particle is mw~x. What 
is this force? Use Figure 1.3.22(b) to discuss the na- 


ture and origin of the equations 
F cos 0 — mg, F sin 0 = mox. 


(b) Use part (a) to find a first-order differential equation 
that defines the function y = f(x). 


33. 


34. 


(a) 


curve C of 

intersection 
of xy-plane 
and surface — 
of revolution 


tangent line to 
curve C at P 


(b) 
FIGURE 1.3.22 Rotating fluid in Problem 32 


Falling Body In Problem 21, suppose r= R * s, 
where s is the distance from the surface of the Earth to 
the falling body. What does the differential equation 
obtained in Problem 21 become when s is very small in 
comparison to R? [Hint: Think binomial series for 


(Rcts?-R?(1-s/Ry?] 


Raindrops Keep Falling In meteorology the term 
virga refers to falling raindrops or ice particles that 
evaporate before they reach the ground. Assume that a 
typical raindrop is spherical. Starting at some time, 
which we can designate as t = 0, the raindrop of radius 
ro falls from rest from a cloud and begins to evaporate. 


(a) If it is assumed that a raindrop evaporates in such a 
manner that its shape remains spherical, then it also 
makes sense to assume that the rate at which the rain- 
drop evaporates—that is, the rate at which it loses 
mass—is proportional to its surface area. Show that 
this latter assumption implies that the rate at which 
the radius r of the raindrop decreases is a constant. 
Find r(t). [Hint: See Problem 51 in Exercises 1.1.] 

(b) If the positive direction is downward, construct a 
mathematical model for the velocity v of the falling 
raindrop at time f. Ignore air resistance. [Hint: 
When the mass m of an object is changing with 


d 
time, Newton's second law becomes F — d (mv), 


where F is the net force acting on the body and mv 
is its momentum.] 
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35. LetItSnow The “snowplow problem” is a classic and 
appears in many differential equations texts but was 
probably made famous by Ralph Palmer Agnew: 


“One day it started snowing at a heavy and steady 
rate. A snowplow started out at noon, going 2 miles 
the first hour and 1 mile the second hour. What time 
did it start snowing?” 
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Find the text Differential Equations, Ralph Palmer Agnew, 
McGraw-Hill Book Co., and then discuss the construction 
and solution of the mathematical model. 


36. Reread this section and classify each mathematical 
model as linear or nonlinear. 
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Answers to selected odd-numbered problems begin on page ANS-1. 


In Problems 1 and 2 fill in the blank and then write this result 
as a linear first-order differential equation that is free of the 
symbol cı and has the form dy/dx = f(x, y). The symbol cı 
represents a constant. 


d 
10x — 
1 ce = 


` dx 


d 2 
2. FU + coe”) = 


In Problems 3 and 4 fill in the blank and then write this result 
as a linear second-order differential equation that is free of 
the symbols cı and c» and has the form F(y, y") = 0. The 
symbols c1, c», and k represent constants. 


d? 
3. d (c, cos kx + c, sin kx) = 


d? 
4. dà (c, cosh kx + c sinh kx) = 


In Problems 5 and 6 compute y' and y" and then combine 
these derivatives with y as a linear second-order differential 
equation that is free of the symbols c; and c» and has the form 


F(y, y' y") = 0. The symbols cı and c» represent constants. 
5. y = cye* + coxe* 6. y = cje” cos x + cze” sin x 


In Problems 7-12 match each of the given differential equa- 
tions with one or more of these solutions: 


(a)y-0  (D»y-2 Oy=2x%,  (0y-2x. 
7. xy! = 2y 8. y'-2 

9, y' 22y - 4 10. xy! 2 y 

11. y" + 9y = 18 12. xy" - y' 20 


In Problems 13 and 14 determine by inspection at least one 
solution of the given differential equation. 


13. y" 2 y' 14. y' = y(y - 3) 


In Problems 15 and 16 interpret each statement as a differen- 
tial equation. 


15. On the graph of y = $(x) the slope of the tangent line at 
a point P(x, y) is the square of the distance from P(x, y) to 
the origin. 


16. On the graph of y = (x) the rate at which the slope 
changes with respect to x at a point P(x, y) is the nega- 
tive of the slope of the tangent line at P(x, y). 


17. (a) Give the domain of the function y = x7. 


(b) Give the largest interval / of definition over which 
y =x?” is solution of the differential equation 
3xy’ — 2y = 0. 

18. (a) Verify that the one-parameter family y? — 2y = 
x? — x + cis an implicit solution of the differential 
equation (2y — 2)y' = 2x — 1. 

(b) Find a member of the one-parameter family in 
part (a) that satisfies the initial condition y(0) — 1. 


(c) Use your result in part (b) to find an explicit 
function y = (x) that satisfies y(0) = 1. Give the 
domain of the function ¢. Is y = (x) a solution of 
the initial-value problem? If so, give its interval J of 
definition; if not, explain. 


19. Given that y = x — 2/x is a solution of the DE xy’ + 
y = 2x. Find xo and the largest interval J for which y(x) is 
a solution of the first-order IVP xy’ + y = 2x, y(xo) = 1. 


20. Suppose that y(x) denotes a solution of the first-order 
IVP y' = x? + y?, y(1) = —1 and that y(x) possesses 
at least a second derivative at x — 1. In some neigh- 
borhood of x = 1 use the DE to determine whether 
y(x) is increasing or decreasing and whether the graph 
y(x) is concave up or concave down. 

21. A differential equation may possess more than one fam- 
ily of solutions. 

(a) Plot different members of the families 
y=) =x? +c, and y = bx) = -x + cs. 

(b) Verify that y = d(x) and y= $»(x) are two 
solutions of the nonlinear first-order differential 
equation (y)? = 4x?. 

(c) Construct a piecewise-defined function that is a 
solution of the nonlinear DE in part (b) but is not a 
member of either family of solutions in part (a). 


22. What is the slope of the tangent line to the graph of a 
solution of y' = 6Vy + 5x? that passes through (— 1, 4)? 


In Problems 23-26 verify that the indicated function is a 
particular solution of the given differential equation. Give an 
interval of definition / for each solution. 

23. y” cy 2 2cosx —2sinx; y= xsinx + xcosx 


24. y” + y= secx; y= xsinx + (cos x)In(cos x) 


25. xy" + xy *- y 2-0; y= sin(ln x) 


26. x?y" + xy’ + y = sec(In x); 
y = cos(In x) In(cos(In x)) + (In x) sin(In x) 


In Problems 27-30, y — cie? + cae * — 2x is a two- 
parameter family of the second-order DE y" — 2y' — 3y = 
6x 4 4. Find a solution of the second-order IVP consisting 
of this differential equation and the given initial conditions. 


27. y (0) = 0, y'(00 20 28. y (0) = 1, y'(0) = —3 

29. y(1) 2 4, y (1) = -2 30. y(-1) = 0, y'(-1) = 1 

31. The graph of a solution of a second-order initial-value 
problem d^y/dx? = f(x, y, y’), yQ) = yo, y'Q) = yı, is 


given in Figure 1.R.1. Use the graph to estimate the val- 
ues of yo and y4. 


FIGURE 1.R.1 Graph for Problem 31 


32. 


33. 


34. 
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A tank in the form of a right-circular cylinder of radius 
2 feet and height 10 feet is standing on end. If the tank 
is initially full of water and water leaks from a circular 
hole of radius 5 inch at its bottom, determine a differen- 
tial equation for the height h of the water at time t. 
Ignore friction and contraction of water at the hole. 


The number of field mice in a certain pasture is given by 
the function 200 — 10t, where time ¢ is measured in 
years. Determine a differential equation governing a 
population of owls that feed on the mice if the rate at 
which the owl population grows is proportional to the 
difference between the number of owls at time f and 
number of field mice at time t. 


Suppose that dA/dt = —0.0004332 A(t) represents 
a mathematical model for the radioactive decay of 
radium-226, where A(t) is the amount of radium (mea- 
sured in grams) remaining at time t (measured in years). 
How much of the radium sample remains at the time f 
when the sample is decaying at a rate of 0.002 gram per 
year? 


FIRST-ORDER DIFFERENTIAL 


EQUATIONS 
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2.1 Solution Curves Without a Solution 
2.1.1 Direction Fields 
2.1.2 Autonomous First-Order DEs 

2.2 Separable Variables 

2.3 Linear Equations 

2.4 Exact Equations 

2.5 Solutions by Substitutions 

2.6 A Numerical Method 

CHAPTER 2 IN REVIEW 


The history of mathematics is rife with stories of people who devoted much of their 
lives to solving equations — algebraic equations at first and then eventually 
differential equations. In Sections 2.2—2.5 we will study some of the more 
important analytical methods for solving first-order DEs. However, before we start 
solving anything, you should be aware of two facts: It is possible for a differential 
equation to have no solutions, and a differential equation can possess a solution yet 
there might not exist any analytical method for finding it. In Sections 2.1 and 2.6 
we do not solve any DEs but show how to glean information directly from the 
equation itself. In Section 2.1 we see how the DE yields qualitative information 
about graphs that enables us to sketch renditions of solutions curves. In Section 2.6 
we use the differential equation to construct a numerical procedure for 


approximating solutions. 


2.1 SOLUTION CURVES WITHOUT A SOLUTION e 
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2.1 


SOLUTION CURVES WITHOUT A SOLUTION 


REVIEW MATERIAL 


e The first derivative as slope of a tangent line 
e The algebraic sign of the first derivative indicates increasing or decreasing 


INTRODUCTION Let us imagine for the moment that we have in front of us a first-order differ- 
ential equation dy/dx — f(x, y), and let us further imagine that we can neither find nor invent a 
method for solving it analytically. This is not as bad a predicament as one might think, since the dif- 


ferential equation itself can sometimes “tell” us specifics about how its solutions “behave.” 

We begin our study of first-order differential equations with two ways of analyzing a DE qual- 
itatively. Both these ways enable us to determine, in an approximate sense, what a solution curve 
must look like without actually solving the equation. 


2.1.1 DIRECTION FIELDS 


SOME FUNDAMENTAL QUESTIONS We saw in Section 1.2 that whenever 
f(x, y) and df/dy satisfy certain continuity conditions, qualitative questions about 
existence and uniqueness of solutions can be answered. In this section we shall see 
that other qualitative questions about properties of solutions — How does a solution 
behave near a certain point? How does a solution behave as x — 9o»? — can often be 
answered when the function f depends solely on the variable y. We begin, however, 
with a simple concept from calculus: 


A derivative dy/dx of a differentiable function y = y(x) gives slopes of tangent 


yA lines at points on its graph. 
slope = 1.2 
SLOPE Because a solution y = y(x) of a first-order differential equation 

qusc (2, 3) 

| Z = fy) a) 
d — —f Sy 

l dx 

l 
a | is necessarily a differentiable function on its interval / of definition, it must also be con- 

| i — tinuous on 7. Thus the corresponding solution curve on J must have no breaks and must 
x 


(a) lineal element at a point 


possess a tangent line at each point (x, y(x)). The function f in the normal form (1) is 
called the slope function or rate function. The slope of the tangent line at (x, y(x)) on 
a solution curve is the value of the first derivative dy/dx at this point, and we know 
from (1) that this is the value of the slope function f(x, y(x)). Now suppose that (x, y) 
represents any point in a region of the xy-plane over which the function fis defined. The 


solution 
curve value f(x, y) that the function f assigns to the point represents the slope of a line or, as 
we shall envision it, a line segment called a lineal element. For example, consider the 
(2, 3) equation dy/dx = 0.2xy, where f(x, y) = 0.2xy. At, say, the point (2, 3) the slope of a 
lineal element is f(2, 3) = 0.2(2)(3) = 1.2. Figure 2.1.1(a) shows a line segment with 
tangent slope 1.2 passing though (2, 3). As shown in Figure 2.1.1(b), if a solution curve also 


(b) lineal element is tangent to 
solution curve that passes 


through the point 


FIGURE 2.1.1 A solution curve is 


tangent to lineal element at (2, 3) 


passes through the point (2, 3), it does so tangent to this line segment; in other words, 
the lineal element is a miniature tangent line at that point. 


DIRECTION FIELD If we systematically evaluate f over a rectangular grid of 
points in the xy-plane and draw a line element at each point (x, y) of the grid with 
slope f(x, y), then the collection of all these line elements is called a direction field 
or a slope field of the differential equation dy/dx — f(x, y). Visually, the direction 
field suggests the appearance or shape of a family of solution curves of the 
differential equation, and consequently, it may be possible to see at a glance certain 
qualitative aspects of the solutions — regions in the plane, for example, in which a 
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FIGURE 2.1.2 Solution curves 


following flow of a direction field 
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FIGURE 2.1.3 Direction field and 
solution curves 


solution exhibits an unusual behavior. A single solution curve that passes through a 
direction field must follow the flow pattern of the field; it is tangent to a line element 
when it intersects a point in the grid. Figure 2.1.2 shows a computer-generated direc- 
tion field of the differential equation dy/dx = sin(x + y) over a region of the xy-plane. 
Note how the three solution curves shown in color follow the flow of the field. 


i EXAMPLE 1 Direction Field 


The direction field for the differential equation dy/dx = 0.2xy shown in Figure 2.1.3(a) 
was obtained by using computer software in which a 5 X 5 grid of points (mh, nh), 
m and n integers, was defined by letting —5 =m=5, -5=n=5, and h = 1. 
Notice in Figure 2.1.3(a) that at any point along the x-axis (y = 0) and the 
y-axis (x = 0), the slopes are f(x, 0) = 0 and f(0, y) = 0, respectively, so the lineal 
elements are horizontal. Moreover, observe in the first quadrant that for a fixed value 
of x the values of f(x, y) — 0.2xy increase as y increases; similarly, for a fixed y the 
values of f(x, y) — 0.2xy increase as x increases. This means that as both x and y 
increase, the lineal elements almost become vertical and have positive slope ( f(x, y) — 
0.2xy > 0 for x > 0, y > 0). In the second quadrant, | f(x, y)| increases as |x| and y 
increase, so the lineal elements again become almost vertical but this time have 
negative slope (f(x, y) = 0.2xy < 0 for x « 0, y > 0). Reading from left to right, 
imagine a solution curve that starts at a point in the second quadrant, moves steeply 
downward, becomes flat as it passes through the y-axis, and then, as it enters the first 
quadrant, moves steeply upward—in other words, its shape would be concave 
upward and similar to a horseshoe. From this it could be surmised that y — o 
as x — +, Now in the third and fourth quadrants, since f(x, y) = 0.2xy > 0 and 
f(x, y) = 0.2xy < 0, respectively, the situation is reversed: A solution curve increases 
and then decreases as we move from left to right. We saw in (1) of Section 1.1 that 
y = e®! is an explicit solution of the differential equation dy/dx = 0.2xy; you 
should verify that a one-parameter family of solutions of the same equation is given 
by y = ce”, For purposes of comparison with Figure 2.1.3(a) some representative 
graphs of members of this family are shown in Figure 2.1.3(b). a 


| EXAMPLE 2 Direction Field 


Use a direction field to sketch an approximate solution curve for the initial-value 
problem dy/dx = sin y, y(0) = -i 


SOLUTION Before proceeding, recall that from the continuity of f(x, y) — sin y and 
df/dy = cos y, Theorem 1.2.1 guarantees the existence of a unique solution curve 
passing through any specified point (xo, yo) in the plane. Now we set our computer soft- 
ware again fora 5 X 5 rectangular region and specify (because of the initial condition) 
points in that region with vertical and horizontal separation of 1 unit— that is, at 
points (mh, nh), h = L m and n integers such that —10 =m = 10, —10 x n = 10. 
The result is shown in Figure 2.1.4. Because the right-hand side of dy/dx = sin y is 0 


aty = 0, and at y = — 7, the lineal elements are horizontal at all points whose second 
coordinates are y = 0 or y = —7. It makes sense then that a solution curve passing 
through the initial point (0, -3 has the shape shown in the figure. a 


INCREASING/DECREASING Interpretation of the derivative dy/dx as a function 
that gives slope plays the key role in the construction of a direction field. Another 
telling property of the first derivative will be used next, namely, if dy/dx > 0 (or 
dy/dx « 0) for all x in an interval /, then a differentiable function y — y(x) is 
increasing (or decreasing) on J. 
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FIGURE 2.1.4 Direction field for 
Example 2 
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REMARKS 


Sketching a direction field by hand is straightforward but time consuming; it is 
probably one of those tasks about which an argument can be made for doing it 
once or twice in a lifetime, but it is overall most efficiently carried out by means 
of computer software. Before calculators, PCs, and software the method of 
isoclines was used to facilitate sketching a direction field by hand. For the DE 
dy/dx = f(x, y), any member of the family of curves f(x, y) = c, c a constant, 
is called an isocline. Lineal elements drawn through points on a specific iso- 
cline, say, f(x, y) = cı all have the same slope c1. In Problem 15 in Exercises 2.1 
you have your two opportunities to sketch a direction field by hand. 


2.1.2 AUTONOMOUS FIRST-ORDER DEs 


AUTONOMOUS FIRST-ORDER DEs In Section 1.1 we divided the class of ordi- 
nary differential equations into two types: linear and nonlinear. We now consider 
briefly another kind of classification of ordinary differential equations, a classifica- 
tion that is of particular importance in the qualitative investigation of differential 
equations. An ordinary differential equation in which the independent variable does 
not appear explicitly is said to be autonomous. If the symbol x denotes the indepen- 
dent variable, then an autonomous first-order differential equation can be written as 
f Cy. y') = 0 or in normal form as 


dy _ 
4 f». 


X 


(2) 


We shall assume throughout that the function fin (2) and its derivative f’ are contin- 
uous functions of y on some interval J. The first-order equations 


fy) fec y) 
l J 
dy dy 
—=1+y? d — — 0.2 
dx y x dx Ty 


are autonomous and nonautonomous, respectively. 
Many differential equations encountered in applications or equations that are 
models of physical laws that do not change over time are autonomous. As we have 
already seen in Section 1.3, in an applied context, symbols other than y and x are rou- 
tinely used to represent the dependent and independent variables. For example, if t 
represents time then inspection of 
dA d dT 


X 
— kA, = - kx(n t 1 —: — — k(T — T, 
dt , dt x(n X), dt ( 5n): 


dA 1 

— — 6 — ——A, 
dt 100 
where k, n, and Tm are constants, shows that each equation is time independent. 
Indeed, all of the first-order differential equations introduced in Section 1.3 are time 
independent and so are autonomous. 


CRITICAL POINTS The zeros of the function f in (2) are of special importance. 
We say that a real number c is a critical point of the autonomous differential 
equation (2) if it is a zero of f—that is, f(c) = 0. A critical point is also called an 
equilibrium point or stationary point. Now observe that if we substitute the constant 
function y(x) = c into (2), then both sides of the equation are zero. This means: 


If c is a critical point of (2), then y(x) = c is a constant solution of the 
autonomous differential equation. 


A constant solution y(x) = c of (2) is called an equilibrium solution; equilibria are 
the only constant solutions of (2). 
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P-axis 


FIGURE 2.1.5 Phase portrait of 
dP/dt = P(a — bP) 
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(b) subregions R4, Ry, and R3 of R 


FIGURE 2.1.6 Lines y(x) = cı and 
y(x) = c» partition R into three horizontal 
subregions 


FIRST-ORDER DIFFERENTIAL EQUATIONS 


As was already mentioned, we can tell when a nonconstant solution y — y(x) of 
(2) is increasing or decreasing by determining the algebraic sign of the derivative 
dy/dx; in the case of (2) we do this by identifying intervals on the y-axis over which 
the function f( y) is positive or negative. 


l EXAMPLE 3 An Autonomous DE 


The differential equation 


dP 
— = P(a — bP), 
dt 


where a and b are positive constants, has the normal form dP/dt = f(P), which is (2) 
with ¢ and P playing the parts of x and y, respectively, and hence is autonomous. 
From f(P) = P(a — bP) = 0 we see that 0 and a/b are critical points of the equation, 
so the equilibrium solutions are P(t) = 0 and P(t) = a/b. By putting the critical points 
on a vertical line, we divide the line into three intervals defined by -~ < P < 0, 
0 « P<a/b, a/b < P < c. The arrows on the line shown in Figure 2.1.5 indicate 
the algebraic sign of /(P) — P(a — bP) on these intervals and whether a nonconstant 
solution P(f) is increasing or decreasing on an interval. The following table explains 
the figure. 


Interval Sign of f(P) P(t) Arrow 
(—%, 0) minus decreasing points down 
(0, a/b) plus increasing points up 
(a/b, oc) minus decreasing points down 


Figure 2.1.5 is called a one-dimensional phase portrait, or simply phase 
portrait, of the differential equation dP/dt = P(a — bP). The vertical line is called a 
phase line. 


SOLUTION CURVES Without solving an autonomous differential equation, we 
can usually say a great deal about its solution curves. Since the function f in (2) is 
independent of the variable x, we may consider f defined for —9» < x < o or for 
0 =x « v. Also, since f and its derivative f' are continuous functions of y on some 
interval / of the y-axis, the fundamental results of Theorem 1.2.1 hold in some hori- 
zontal strip or region R in the xy-plane corresponding to /, and so through any point 
(Xo. yo) in R there passes only one solution curve of (2). See Figure 2.1.6(a). For the 
sake of discussion, let us suppose that (2) possesses exactly two critical points c, and 
c? and that cı < c». The graphs of the equilibrium solutions y(x) = cı and y(x) = c2 
are horizontal lines, and these lines partition the region R into three subregions Rj, 
Ro, and R5, as illustrated in Figure 2.1.6(b). Without proof here are some conclusions 
that we can draw about a nonconstant solution y(x) of (2): 


* [f (xo, yo) is in a subregion R;, i = 1, 2, 3, and y(x) is a solution whose graph 
passes through this point, then y(x) remains in the subregion R; for all x. As 
illustrated in Figure 2.1.6(b), the solution y(x) in R2 is bounded below by c, 
and above by c», that is, c1 < y(x) < c» for all x. The solution curve stays 
within R» for all x because the graph of a nonconstant solution of (2) cannot 
cross the graph of either equilibrium solution y(x) = c; or y(x) = c2. See 
Problem 33 in Exercises 2.1. 

* By continuity of f we must then have either f(y) > 0 or f(y) < 0 for all x in 
a subregion R;, i = 1, 2, 3. In other words, f(y) cannot change signs in a 
subregion. See Problem 33 in Exercises 2.1. 
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FIGURE 2.1.7 Phase portrait and 
solution curves in each of the three 
subregions 
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* Since dy/dx = f(y(x)) is either positive or negative in a subregion R; i = 1, 
2, 3, a solution y(x) is strictly monotonic — that is, y(x) is either increasing 
or decreasing in the subregion R;. Therefore y(x) cannot be oscillatory, nor 
can it have a relative extremum (maximum or minimum). See Problem 33 
in Exercises 2.1. 

e [fy(x) is bounded above by a critical point c; (as in subregion R, where 
y(x) € cı for all x), then the graph of y(x) must approach the graph of the 
equilibrium solution y(x) = c, either as x > œ% or as x > —~. If y(x) is 
bounded —that is, bounded above and below by two consecutive critical 
points (as in subregion Rz where c, < y(x) < c» for all x) —then the graph 
of y(x) must approach the graphs of the equilibrium solutions y(x) = cı and 
y(x) = c», one as x — © and the other as x — — oc. If y(x) is bounded below 
by a critical point (as in subregion R5 where c2 < y(x) for all x), then the 
graph of y(x) must approach the graph of the equilibrium solution y(x) = c2 
either as x — œ% or as x — — cc. See Problem 34 in Exercises 2.1. 


With the foregoing facts in mind, let us reexamine the differential equation in 
Example 3. 


l EXAMPLE 4 Example 3 Revisited 


The three intervals determined on the P-axis or phase line by the critical points 
P = 0 and P = a/b now correspond in the tP-plane to three subregions defined by: 


Ri: =% <P «0, Rx 0<P<a/b, and R3:a/b< P «o, 


where —œ < t < ~, The phase portrait in Figure 2.1.7 tells us that P(t) is decreasing 
in Rj, increasing in A», and decreasing in R3. If P(0) = Po is an initial value, then in 
Rı, Ro, and R5 we have, respectively, the following: 


(i) | For Po < 0, P(t) is bounded above. Since P(t) is decreasing, P(t) 
decreases without bound for increasing t, and so P(t) > 0 as t — — o. 
This means that the negative t-axis, the graph of the equilibrium solution 
P(t) = 0, is a horizontal asymptote for a solution curve. 

(ii) For0 < Po < a/b, P(t) is bounded. Since P(f) is increasing, P(f) > a/b 
as t — © and P(t) — 0 as t — —~. The graphs of the two equilibrium 
solutions, P(t) = 0 and P(t) = a/b, are horizontal lines that are horizontal 
asymptotes for any solution curve starting in this subregion. 

(iii) For Po > a/b, P(t) is bounded below. Since P(f) is decreasing, P(t) > a/b 
as t — ©. The graph of the equilibrium solution P(t) = a/b is a horizontal 
asymptote for a solution curve. 


In Figure 2.1.7 the phase line is the P-axis in the ¢P-plane. For clarity the origi- 
nal phase line from Figure 2.1.5 is reproduced to the left of the plane in which 
the subregions Rj, R2, and R3 are shaded. The graphs of the equilibrium solutions 
P(t) = a/b and P(t) = 0 (the t-axis) are shown in the figure as blue dashed lines; 
the solid graphs represent typical graphs of P(t) illustrating the three cases just 
discussed. a 


In a subregion such as R; in Example 4, where P(t) is decreasing and unbounded 
below, we must necessarily have P(t) — —~. Do not interpret this last statement to 
mean P(t) — —^ as t — ©; we could have P(t) — —œ as t — T, where T>0O isa 
finite number that depends on the initial condition P(to) = Po. Thinking in dynamic 
terms, P(t) could “blow up" in finite time; thinking graphically, P(t) could have a 
vertical asymptote at t = T > 0. A similar remark holds for the subregion R3. 

The differential equation dy/dx = sin y in Example 2 is autonomous and has an 
infinite number of critical points, since sin y = 0 at y = n7, n an integer. Moreover, 
we now know that because the solution y(x) that passes through (0, -3 1s bounded 
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FIGURE 2.1.9 Critical point c is an 


attractor in (a), a repeller in (b), and semi- 
stable in (c) and (d). 


above and below by two consecutive critical points (—7 < y(x) < 0) and is 
decreasing (sin y < 0 for —a7 < y < 0), the graph of y(x) must approach the graphs 
of the equilibrium solutions as horizontal asymptotes: y(x) — —"r as x — o» and 
y(x) > 0 asx —o. 


I EXAMPLE 5 Solution Curves of an Autonomous DE 


The autonomous equation dy/dx — (y — 1)? possesses the single critical point 1. 
From the phase portrait in Figure 2.1.8(a) we conclude that a solution y(x) is an 
increasing function in the subregions defined by ~œ < y < 1 and 1 € y < co, where 
—æ < x < vc. For an initial condition y(0) = yo < 1, a solution y(x) is increasing and 
bounded above by 1, and so y(x) > 1 as x — ©; for y(0) = yo > 1 a solution y(x) is 
increasing and unbounded. 

Now y(x) = 1 — 1/(x + c) is a one-parameter family of solutions of the differ- 
ential equation. (See Problem 4 in Exercises 2.2) A given initial condition determines 
a value for c. For the initial conditions, say, y(0) = —1 < 1 and y(0) = 2 > 1, we 
find, in turn, that y(x) = 1 — 1/(x + D, and y(x) = 1 — 1/(x — 1). As shown in 
Figures 2.1.8(b) and 2.1.8(c), the graph of each of these rational functions possesses 
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FIGURE 2.1.8 Behavior of solutions near y = 1 


a vertical asymptote. But bear in mind that the solutions of the IVPs 
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The solution curves are the portions of the graphs in Figures 2.1.8(b) and 
2.1.8(c) shown in blue. As predicted by the phase portrait, for the solution curve 
in Figure 2.1.8(b), y(x) —> 1 as x — 95; for the solution curve in Figure 2.1.8(c), 
y(x) > v» as x — 1 from the left. [| 


ATTRACTORS AND REPELLERS Suppose that y(x) is a nonconstant solution of 
the autonomous differential equation given in (1) and that c is a critical point of 
the DE. There are basically three types of behavior that y(x) can exhibit near c. In 
Figure 2.1.9 we have placed c on four vertical phase lines. When both arrowheads on 
either side of the dot labeled c point toward c, as in Figure 2.1.9(a), all solutions y(x) 
of (1) that start from an initial point (xo, yo) sufficiently near c exhibit the asymp- 
totic behavior lim,_,.. y(x) = c. For this reason the critical point c is said to be 
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asymptotically stable. Using a physical analogy, a solution that starts near c is like a 
charged particle that, over time, is drawn to a particle of opposite charge, and so c is 
also referred to as an attractor. When both arrowheads on either side of the dot 
labeled c point away from c, as in Figure 2.1.9(b), all solutions y(x) of (1) that start 
from an initial point (xo, yo) move away from c as x increases. In this case the critical 
point c is said to be unstable. An unstable critical point is also called a repeller, for 
obvious reasons. The critical point c illustrated in Figures 2.1.9(c) and 2.1.9(d) is 
neither an attractor nor a repeller. But since c exhibits characteristics of both an 
attractor and a repeller—that is, a solution starting from an initial point (xo, yo) suffi- 
ciently near c is attracted to c from one side and repelled from the other side—we say 
that the critical point c is semi-stable. In Example 3 the critical point a/b is 
asymptotically stable (an attractor) and the critical point O is unstable (a repeller). 
The critical point 1 in Example 5 is semi-stable. 


AUTONOMOUS DEs AND DIRECTION FIELDS If a first-order differential equa- 
tion is autonomous, then we see from the right-hand side of its normal form 
dy/dx — f(y) that slopes of lineal elements through points in the rectangular grid used 
to construct a direction field for the DE depend solely on the y-coordinate of the points. 
Put another way, lineal elements passing through points on any horizontal line must all 
have the same slope; slopes of lineal elements along any vertical line will, of course, 
vary. These facts are apparent from inspection of the horizontal gold strip and vertical 
blue strip in Figure 2.1.10. The figure exhibits a direction field for the autonomous equa- 
tion dy/dx — 2y — 2. With these facts in mind, reexamine Figure 2.1.4. 
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Answers to selected odd-numbered problems begin on page ANS-1. 
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FIGURE 2.1.13 Direction field for Problem 3 
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FIGURE 2.1.14 Direction field for Problem 4 


In Problems 5-12 use computer software to obtain a direc- 
tion field for the given differential equation. By hand, sketch 
an approximate solution curve passing through each of the 
given points. 


5.y'—x 6.y'—x-cy 
(a) y(0) = 0 (a) y(—2) =2 
(b) y(0) = —3 (b) (D = -3 

7. y2 = —x 8. y = I 

dx dx y 
(a) xD = 1 (a) y(0) = 1 
(b) y(0) = 4 (b) y(—2) = -1 

9. DR 02x? + y 10. D 2 xe 
dx dx 
(a) y0) = 5 (a) y(0) = —2 
(b) y(2) = -1 (b) y(1) = 2.5 

11. y= y — cos x 2-1-2 
(a) y(2) =2 (a) y(-}) =2 
(b) y(-1) =0 (b) y(5) = o 
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In Problems 13 and 14 the given figure represents the graph 
of f(y) and f(x), respectively. By hand, sketch a direction 
field over an appropriate grid for dy/dx = f(y) (Problem 13) 
and then for dy/dx — f(x) (Problem 14). 


13. f 


— 
wy 


FIGURE 2.1.15 Graph for Problem 13 


14. ft 
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FIGURE 2.1.16 Graph for Problem 14 


15. In parts (a) and (b) sketch isoclines f(x, y) = c (see the 
Remarks on page 37) for the given differential equation 
using the indicated values of c. Construct a direction field 
over a grid by carefully drawing lineal elements with the 
appropriate slope at chosen points on each isocline. In 
each case, use this rough direction field to sketch an ap- 
proximate solution curve for the IVP consisting of the DE 
and the initial condition y(0) = 1. 


(a) dy/dx = x + y; c an integer satisfying -5 Sc 5 5 
(b) dy/dx = x? + y?; c Lc l.c Dc 4 


Discussion Problems 


16. (a) Consider the direction field of the differential equa- 
tion dy/dx = x(y — 4)? — 2, but do not use tech- 
nology to obtain it. Describe the slopes of the lineal 
elements on the lines x = 0, y = 3, y = 4, and y = 5. 

(b) Consider the IVP dy/dx = x(y — 4)? — 2, (0) = yo, 
where yo < 4. Can a solution y(x) — œ as x >? 
Based on the information in part (a), discuss. 


17. For a first-order DE dy/dx = f(x, y) a curve in the plane 
defined by f(x, y) = 0 is called a nullcline of the equa- 
tion, since alineal element at a point on the curve has zero 
slope. Use computer software to obtain a direction field 
over a rectangular grid of points for dy/dx — x? — 2y, 


and then superimpose the graph of the nullcline y = ix? 
over the direction field. Discuss the behavior of solution 
curves in regions of the plane defined by y < ixi and by 
y> ix. Sketch some approximate solution curves. Try 
to generalize your observations. 


18. (a) Identify the nullclines (see Problem 17) in 
Problems 1, 3, and 4. With a colored pencil, circle 
any lineal elements in Figures 2.1.11, 2.1.13, and 
2.1.14 that you think may be a lineal element at a 
point on a nullcline. 


(b) What are the nullclines of an autonomous first-order 
DE? 


2.1.2 AUTONOMOUS FIRST-ORDER DEs 


19. Consider the autonomous first-order differential equa- 
tion dy/dx — y — y? and the initial condition y(0) — yo. 
By hand, sketch the graph of a typical solution y(x) 
when yo has the given values. 


(a) yo 7 1 (b) 0 € yo € 1 
(c) ^1 «€ yo «0 (d) yo «€ —1 

20. Consider the autonomous first-order differential equation 
dy/dx = y? — y^ and the initial condition y(0) = yo. By 
hand, sketch the graph of a typical solution y(x) when yo 
has the given values. 
(a) yo 7 1 
(c) —1 <= Yo < 0 


(d) yo € -1 


In Problems 21—28 find the critical points and phase portrait 
of the given autonomous first-order differential equation. 
Classify each critical point as asymptotically stable, unstable, 
or semi-stable. By hand, sketch typical solution curves in the 
regions in the xy-plane determined by the graphs of the 
equilibrium solutions. 


dy dy 
1 Se 22. = = y - y? 
dx ^ i dx > 7 
d d 
23, € = (y — ay 24, = 10 + 3y - y? 
dx dx 
d d 
3,2 =ya-y) 26, 2 — y - ya — y) 
dx dx 
d dy ye -9 
27. Z = yin(y + 2) 2g, Z = 20 003 
dx dx e 


In Problems 29 and 30 consider the autonomous differential 
equation dy/dx — f(y), where the graph of fis given. Use the 
graph to locate the critical points of each differential equa- 
tion. Sketch a phase portrait of each differential equation. 
By hand, sketch typical solution curves in the subregions in 
the xy-plane determined by the graphs of the equilibrium 
solutions. 
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29. ft 


FIGURE 2.1.17 Graph for Problem 29 


30. 


FIGURE 2.1.18 Graph for Problem 30 


Discussion Problems 


31. Consider the autonomous DE dy/dx = (2/7)y — sin y. 
Determine the critical points of the equation. Discuss 
a way of obtaining a phase portrait of the equation. 
Classify the critical points as asymptotically stable, 
unstable, or semi-stable. 


32. A critical point c of an autonomous first-order DE is 
said to be isolated if there exists some open interval that 
contains c but no other critical point. Can there exist an 
autonomous DE of the form given in (1) for which every 
critical point is nonisolated? Discuss; do not think pro- 
found thoughts. 


33. Suppose that y(x) is a nonconstant solution of the 
autonomous equation dy/dx — f(y) and that c is a 
critical point of the DE. Discuss. Why can't the graph 
of y(x) cross the graph of the equilibrium solution 
y = c? Why can't f(y) change signs in one of the 
subregions discussed on page 38? Why can't y(x) be 
oscillatory or have a relative extremum (maximum or 
minimum)? 


34. Suppose that y(x) is a solution of the autonomous equa- 
tion dy/dx — f(y) and is bounded above and below by 
two consecutive critical points c, < c», as in subregion 
R» of Figure 2.1.6(b). If f(y) > 0 in the region, then 
lim; 5s y(x) = c». Discuss why there cannot exist a num- 
ber L < c» such that lim,—. y(x) = L. As part of your 
discussion, consider what happens to y'(x) as x — ©. 


35. Using the autonomous equation (1), discuss how it is 
possible to obtain information about the location of 
points of inflection of a solution curve. 
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36. 


37. 


e CHAPTER 2 


Consider the autonomous DE dy/dx = y? — y — 6. Use 
your ideas from Problem 35 to find intervals on the 
y-axis for which solution curves are concave up and 
intervals for which solution curves are concave down. 
Discuss why each solution curve of an initial-value 
problem of the form dy/dx = y? — y — 6, y(0) = yo, 
where —2 < yọ < 3, has a point of inflection with the 
same y-coordinate. What is that y-coordinate? Carefully 
sketch the solution curve for which y(0) = —1. Repeat 
for y(2) = 2. 


Suppose the autonomous DE in (1) has no critical 
points. Discuss the behavior of the solutions. 


Mathematical Models 


38. 


39. 


40. 


Population Model The differential equation in 
Example 3 is a well-known population model. Suppose 
the DE is changed to 


dP 
— = P(aP — b), 
dt 


where a and b are positive constants. Discuss what 
happens to the population P as time f increases. 


Population Model 
given by 


Another population model is 


dP 

— —kP— h, 

dt 
where h and k are positive constants. For what initial 
values P(0) = Po does this model predict that the popu- 
lation will go extinct? 


Terminal Velocity In Section 1.3 we saw that the 
autonomous differential equation 
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41. 


42. 


where k is a positive constant and g is the acceleration 
due to gravity, is a model for the velocity v of a body of 
mass m that is falling under the influence of gravity. 
Because the term —kv represents air resistance, the 
velocity of a body falling from a great height does not in- 
crease without bound as time f increases. Use a phase 
portrait of the differential equation to find the limiting, or 
terminal, velocity of the body. Explain your reasoning. 


Suppose the model in Problem 40 is modified so 
that air resistance is proportional to v?, that is, 


dv 
— = — kv’. 
moo HE v 
See Problem 17 in Exercises 1.3. Use a phase portrait 


to find the terminal velocity of the body. Explain your 
reasoning. 


Chemical Reactions When certain kinds of chemicals 
are combined, the rate at which the new compound is 
formed is modeled by the autonomous differential 
equation 


dX 
; T Ka c ABT X), 


d 
where k>O is a constant of proportionality and 
B > a > 0. Here X(t) denotes the number of grams of 
the new compound formed in time f. 


(a) Use a phase portrait of the differential equation to 
predict the behavior of X(f) as t — oc. 


(b) Consider the case when a = B. Use a phase portrait 
of the differential equation to predict the behavior 
of X(t) as t — © when X(0) < a. When X(0) > a. 


Verify that an explicit solution of the DE in the case 
when k= 1 and a — B is X(r) » a — l/(t * c). 
Find a solution that satisfies X(0) = a /2. Then find 
a solution that satisfies X(0) = 2a. Graph these 
two solutions. Does the behavior of the solutions as 
t — œ agree with your answers to part (b)? 


(c 


— 
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REVIEW MATERIAL 


parts) by consulting a calculus text. 


* Basic integration formulas (See inside front cover) 
* Techniques of integration: integration by parts and partial fraction decomposition 
e See also the Student Resource and Solutions Manual. 


INTRODUCTION We begin our study of how to solve differential equations with the simplest of 
all differential equations: first-order equations with separable variables. Because the method in this 
section and many techniques for solving differential equations involve integration, you are urged to 
refresh your memory on important formulas (such as f du/u) and techniques (such as integration by 
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Consider the first-order differential equation 
dy/dx = f(x, y). When f does not depend on the variable y, that is, f(x, y) = g(x), the 
differential equation 

dy 

— = 1 

ds g(x) (1) 
can be solved by integration. If g(x) is a continuous function, then integrating both 
sides of (1) gives y = fg(x) dx = G(x) + c, where G(x) is an antiderivative (indefi- 
nite integral) of g(x). For example, if dy/dx = 1+ e?*, then its solution is 
y= fd + e*) dxory=x+ ie T 


A DEFINITION Equation (1), as well as its method of solution, is just a special 
case when the function f in the normal form dy/dx = f(x, y) can be factored into a 
function of x times a function of y. 


DEFINITION 2.2.1 Separable Equation 


A first-order differential equation of the form 


om 
d. BOY) 


is said to be separable or to have separable variables. 


For example, the equations 


d d 
oY = y2xer tay and EE es y + sinx 


dx dx 


are separable and nonseparable, respectively. In the first equation we can factor 
f(x y) = ying to as 


g(x) hy) 
i 4 
FG y) = yx ert ay = (xe?) ye"), 


but in the second equation there is no way of expressing y + sin x as a product of a 
function of x times a function of y. 

Observe that by dividing by the function h(y), we can write a separable equation 
dy/dx = g(x)h(y) as 


d 
py) P = g(x), (2) 
b a 


where, for convenience, we have denoted 1 /h(y) by p(y). From this last form we can 
see immediately that (2) reduces to (1) when A(y) = 1. 

Now if y = $(x) represents a solution of (2), we must have p(d(x))$'(x) = g(x), 
and therefore 


Boo dx = IET dx. (3) 


But dy = $'(x) dx, and so (3) is the same as 


[po dy = few dx or Hy) = G) + c, (4) 


where H(y) and G(x) are antiderivatives of p(y) = 1/h(y) and g(x), respectively. 
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METHOD OF SOLUTION Equation (4) indicates the procedure for solving 
separable equations. A one-parameter family of solutions, usually given implicitly, is 
obtained by integrating both sides of p(y) dy = g(x) dx. 


NOTE There is no need to use two constants in the integration of a separable equa- 
tion, because if we write H(y) + c1 = G(x) + c», then the difference c» — c, can be 
replaced by a single constant c, as in (4). In many instances throughout the chapters 
that follow, we will relabel constants in a manner convenient to a given equation. For 
example, multiples of constants or combinations of constants can sometimes be 
replaced by a single constant. 


l EXAMPLE 1 Solving a Separable DE 


Solve (1 + x) dy — y dx = 0. 


SOLUTION Dividing by (1 + x)y, we can write dy/y = dx/(1 + x), from which it 


follows that 
|o 
y I ex 


In|y| = In|1 + x| + ci 


y- elittalte: = gln|i+x| . Q6 <— Jaws of exponents 
= c 
|1 + x| e |I +x|=1+7x, xz-l 
FS 
= +e%(1 x. Trs a= +i x«-1 


Relabeling +e“ as c then gives y = c(1 + x). 


ALTERNATIVE SOLUTION Because each integral results in a logarithm, a judicious 
choice for the constant of integration is In|c| rather than c. Rewriting the second 
line of the solution as In| y| = In| 1 + x| + In|c| enables us to combine the terms on 
the right-hand side by the properties of logarithms. From In|y| = In|c(1 + x)| we 
immediately get y = c(1 + x). Even if the indefinite integrals are not all logarithms, 
it may still be advantageous to use In|c|. However, no firm rule can be given. a 


In Section 1.1 we saw that a solution curve may be only a segment or an arc of 
the graph of an implicit solution G(x, y) = 0. 


| EXAMPLE 2 Solution Curve 


d 
Solve the initial-value problem A = E y(4) = —3. 
X y 


SOLUTION Rewriting the equation as y dy = —x dx, we get 


y) sel 
ydy = —| xdx and Cac 


We can write the result of the integration as x^ + y^ = c? by replacing the constant 
2c, by c?. This solution of the differential equation represents a family of concentric 
circles centered at the origin. 

Now when x = 4, y = —3, so 16 + 9 = 25 = c?. Thus the initial-value problem 
determines the circle x^ + y? = 25 with radius 5. Because of its simplicity we can 
solve this implicit solution for an explicit solution that satisfies the initial condition. 


FIGURE 2.2.1 
IVP in Example 2 


Solution curve for the 
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We saw this solution as y = ọ2(x)ory = — V25 — x?, —5 < x < 5 in Example 3 of 
Section 1.1. A solution curve is the graph of a differentiable function. In this case the 
solution curve is the lower semicircle, shown in dark blue in Figure 2.2.1 containing 
the point (4, —3). E 


LOSING A SOLUTION Some care should be exercised in separating variables, 
since the variable divisors could be zero at a point. Specifically, if r is a zero 
of the function A(y), then substituting y = r into dy/dx = g(x)h(y) makes both sides 
zero; in other words, y — r is a constant solution of the differential equation. 
d 
But after variables are separated, the left-hand side of m = g(x) dx is undefined at r: 
y 
As a consequence, y = r might not show up in the family of solutions that are obtained 
after integration and simplification. Recall that such a solution is called a singular 
solution. 


[ EXAMPLE 3 Losing a Solution 


dy 
Solve — = y? — 4. 
OV? dx 2 


SOLUTION We put the equation in the form 


;| dy — dx. (5) 


se 
N 
| 
> 
Il 
a 
E 
o 
= 
1 
“a 
| Jai 
N 
ia 
+ fain 


The second equation in (5) is the result of using partial fractions on the left-hand side 
of the first equation. Integrating and using the laws of logarithms gives 


3 ula - ays eles 
4 Ini» 4 Ini» x-ctc 


Or In 


Here we have replaced 4c, by c». Finally, after replacing —e* by c and solving the 
last equation for y, we get the one-parameter family of solutions 


1 + ce* 


1 — ce 


y= (6) 


Now if we factor the right-hand side of the differential equation as 
dy/dx = (y — 2)(y + 2), we know from the discussion of critical points in Section 2.1 
that y = 2 and y = —2 are two constant (equilibrium) solutions. The solution y = 2 is a 
member of the family of solutions defined by (6) corresponding to the value c = 0. 
However, y = —2 is a singular solution; it cannot be obtained from (6) for any choice of 
the parameter c. This latter solution was lost early on in the solution process. Inspection 
of (5) clearly indicates that we must preclude y = +2 in these steps. ig 


[ EXAMPLE 4 An Initial-Value Problem 


d 
Solve (e? — y) cos Ev = e'sin2x, y(0) = 0. 
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2. ——) 
—2 —l 1 2 


FIGURE 2.2.2 Level curves 
G(x, y) = c, where 
Ga, y) =e + ye? +e”? +2cosx 


2 7 
=2 —1l 1 2 
FIGURE 2.2.3 Level curves 
c=2andc=4 
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SOLUTION Dividing the equation by e” cos x gives 


e» — y sin 2x 
— dy = dx. 
e COS X 


Before integrating, we use termwise division on the left-hand side and the trigono- 
metric identity sin 2x — 2 sin x cos x on the right-hand side. Then 


integration by parts > l (e? — ye”) dy = 2| sin x dx 
yields e+ye*+e%=—2cosxtc. (7) 


The initial condition y = 0 when x = 0 implies c = 4. Thus a solution of the initial- 
value problem is 


e'ctye?"te?-—4-2cosx. (8) m 


USE OF COMPUTERS The Remarks at the end of Section 1.1 mentioned 
that it may be difficult to use an implicit solution G(x, y) = 0 to find an explicit 
solution y = ¢ (x). Equation (8) shows that the task of solving for y in terms of x may 
present more problems than just the drudgery of symbol pushing — sometimes it 
simply cannot be done! Implicit solutions such as (8) are somewhat frustrating; nei- 
ther the graph of the equation nor an interval over which a solution satisfying y(0) — 
0 is defined is apparent. The problem of “seeing” what an implicit solution looks like 
can be overcome in some cases by means of technology. One way’ of proceeding is 
to use the contour plot application of a computer algebra system (CAS). Recall from 
multivariate calculus that for a function of two variables z = G(x, y) the two- 
dimensional curves defined by G(x, y) = c, where c is constant, are called the level 
curves of the function. With the aid of a CAS, some of the level curves of the func- 
tion G(x, y) = e? + ye ? + e ? + 2 cos x have been reproduced in Figure 2.2.2. The 
family of solutions defined by (7) is the level curves G(x, y) = c. Figure 2.2.3 illus- 
trates the level curve G(x, y) — 4, which is the particular solution (8), in blue color. 
The other curve in Figure 2.2.3 is the level curve G(x, y) — 2, which is the member 
of the family G(x, y) = c that satisfies y(7 /2) = 0. 

If an initial condition leads to a particular solution by yielding a specific value of 
the parameter c in a family of solutions for a first-order differential equation, there is 
a natural inclination for most students (and instructors) to relax and be content. 
However, a solution of an initial-value problem might not be unique. We saw in 
Example 4 of Section 1.2 that the initial-value problem 


d 
2,795, y) =0 (9) 
X 


has at least two solutions, y — 0 and y — zx. We are now in a position to solve the 
equation. Separating variables and integrating y~"? dy = x dx gives 


m x 2 
aas = 4 =(F +6). 
y ; T8 or y ze 


When x = 0, then y = 0, so necessarily, c = 0. Therefore y = ix. The trivial solution 
y = 0 was lost by dividing by y^. In addition, the initial-value problem (9) possesses 
infinitely many more solutions, since for any choice of the parameter a = 0 the 


"In Section 2.6 we will discuss several other ways of proceeding that are based on the concept of a 
numerical solver. 


(0, 0) X 


FIGURE 2.2.4  Piecewise-defined 


solutions of (9) 
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piecewise-defined function 


_ 0, x<a 
7 iG = gf, xza 


satisfies both the differential equation and the initial condition. See Figure 2.2.4. 


SOLUTIONS DEFINED BY INTEGRALS If gis a function continuous on an open 
interval / containing a, then for every x in J, 


d x 
E dt — g(x). 


You might recall that the foregoing result is one of the two forms of the fundamental 
theorem of calculus. In other words, Í > g(t) dt is an antiderivative of the function g. 
There are times when this form is convenient in solving DEs. For example, if g is 
continuous on an interval / containing xo and x, then a solution of the simple initial- 
value problem dy/dx = g(x), y(x9) = Yo, that is defined on Z is given by 


yQ) = yo + f gO dt 


You should verify that y(x) defined in this manner satisfies the initial condition. Since 
an antiderivative of a continuous function g cannot always be expressed in terms of 
elementary functions, this might be the best we can do in obtaining an explicit 
solution of an IVP. The next example illustrates this idea. 


l EXAMPLE 5 An Initial-Value Problem 


dy E 
Solve — = e™, y3)=5. 
dx 


SOLUTION The function g(x) = e~* is continuous on (—%, o»), but its antideriva- 
tive is not an elementary function. Using ¢t as dummy variable of integration, we can 


write 
xX dy jp " 
— dt = dt 
f dt 3 . 

yol = f e^ dt 

3 
yx) - X3) = f edt 

3 


y(x) = y) + Í "edi. 
3 


Using the initial condition y(3) = 5, we obtain the solution 


x 


yx) =5 + fe dt. = 
3 


The procedure demonstrated in Example 5 works equally well on separable 
equations dy/dx = g(x) f (y) where, say, f(y) possesses an elementary antiderivative 
but g(x) does not possess an elementary antiderivative. See Problems 29 and 30 in 
Exercises 2.2. 
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| REMARKS 


(i) As we have just seen in Example 5, some simple functions do not possess 
an antiderivative that is an elementary function. Integrals of these kinds of 
functions are called nonelementary. For example, f% e^^ dt and {sin x? dx are 
nonelementary integrals. We will run into this concept again in Section 2.3. 


(ii) In some of the preceding examples we saw that the constant in the one- 
parameter family of solutions for a first-order differential equation can be rela- 
beled when convenient. Also, it can easily happen that two individuals solving the 
same equation correctly arrive at dissimilar expressions for their answers. For 
example, by separation of variables we can show that one-parameter families of 
solutions for the DE (1 + y?) dx + (1 + x?) dy = Oare 


ey 


arctan x + arctan y = c or = B 


il = say 
As you work your way through the next several sections, bear in mind that fami- 
lies of solutions may be equivalent in the sense that one family may be obtained 
from another by either relabeling the constant or applying algebra and trigonom- 
etry. See Problems 27 and 28 in Exercises 2.2. 


| | EX E RCI S ES 2 " 2 Answers to selected odd-numbered problems begin on page ANS-1. 
In Problems 1—22 solve the given differential equation by dy _ 3 _ dy 5 
separation of variables. 21. de T Vl-y 22. (+e Uk =y 


d d " M : : 
L dy _ sin 5x 2. dy _ TEN. In Problems 23-28 find an explicit solution of the given 
dx dx initial-value problem. 
3. dx + e*dy = 0 4. dy — (y - D?dx = 0 23. n =402 +1), x(m/4-1 
t 
dy dy 
5.x— =4 6. — + 2xy? = 0 2 
dx dx 24, Z -2L yay =2 
dx x-—1 
dy 3x+2y dy -y -2x-y 
De ones 3X3 2] X lt y X—y d 
75 di e y 8. ey el +e 25. L2 a y — xy, y(-1) = -1 
dx 
d. 3 d 2y 4 3l d 
9, vinx = (2 w 2 = (2 26. +2y=1, yO =} 
dy x dx 4x +5 dt 
T ; E V3 
11. csc y dx + sec*x dy = 0 27. V1— y dx= V1 —-xdy=0, yO) = -7 


; 3 = 
12. sin 3x dx + 2y cos?3x dy = 0 28. (1 + x4) dy +x + 4y2) dx 0, y() 20 


13. (e? + 1e? dx + (e* + 1e? dy = 
aoe Pe TOP te DX x In Problems 29 and 30 proceed as in Example 5 and find an 


14. x(1 + y2)!2 dx = y(1 + 32)! dy explicit solution of the given initial-value problem. 
dS dQ 29, Z = ye” (4)21 
15. Z = kg 16. = = k(Q — 70) DON MEN 1 
dr dt 
dy 
30. — =y?sinx?, y(-2)-1 
7. -p-p 18. 4 N = Nie? qi SES US 
t t 


31. (a) Find a solution of the initial-value problem consisting 
dy xyt+3x-—y-3 0 dy xyt2y-x-2 of the differential equation in Example 3 and the ini- 


19. à 
dx xy—2x-4y-8 dx xy—3y+x-3 tial conditions y(0) = 2, y(0) = —2, and y(}) = 1. 


32. 


33. 
34. 


(b) Find the solution of the differential equation in 
Example 4 when In c, is used as the constant of 
integration on the left-hand side in the solution and 
4 In c, is replaced by In c. Then solve the same 
initial-value problems in part (a). 


d 
Find a solution of xc = y! — y that passes through 
the indicated points. 
(a) (0,1) (b) (0,0) 


(©) (33) @ (23) 


Find a singular solution of Problem 21. Of Problem 22. 
Show that an implicit solution of 
2x sin? y dx — (x? + 10) cosy dy = 0 


is given by In(x? + 10) + csc y = c. Find the constant 
solutions, if any, that were lost in the solution of the dif- 
ferential equation. 


Often a radical change in the form of the solution of a differen- 
tial equation corresponds to a very small change in either the 
initial condition or the equation itself. In Problems 35-38 find 
an explicit solution of the given initial-value problem. Use a 
graphing utility to plot the graph of each solution. Compare 
each solution curve in a neighborhood of (0, 1). 


d 
35.  -(y- 1%, y= 1 
dx 
d 
36 Z =(y - 1%, y0) = 1.01 
dx 
dy 
37. — = (y — I» + 0.01, yO)=1 
dx 
d 
38. Z =(y- 1} — 0.01, y(0) =1 
dx 
39. Every autonomous first-order equation dy/dx = f(y) 


40. 


is separable. Find explicit solutions yix), y2(x), ya(x), 
and y4(x) of the differential equation dy/dx = y — y? 
that satisfy, in turn, the initial conditions yi(0) = 2, 
y(0) = 1 y3(0) = -4, and y4(0) = —2. Use a graphing 
utility to plot the graphs of each solution. Compare these 
graphs with those predicted in Problem 19 of Exercises 
2.1. Give the exact interval of definition for each solution. 


(a) The autonomous first-order differential equation 
dy/dx = 1/(y —3) has no critical points. 
Nevertheless, place 3 on the phase line and obtain 
a phase portrait of the equation. Compute d?y/dx? 
to determine where solution curves are concave up 
and where they are concave down (see Problems 35 
and 36 in Exercises 2.1). Use the phase portrait 
and concavity to sketch, by hand, some typical 
solution curves. 


(b 


<~ 


Find explicit solutions yi(x), yo(x), y3(x), and y4(x) 
of the differential equation in part (a) that satisfy, 
in turn, the initial conditions y4(0) = 4, y2(0) = 2, 


41. 


42. 
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y3(1) = 2, and y4(—1) = 4. Graph each solution 
and compare with your sketches in part (a). Give 
the exact interval of definition for each solution. 


(a) Find an explicit solution of the initial-value problem 


dy 2x-1 
= > y(-2) = -1. 
dx 2y 
(b) Use a graphing utility to plot the graph of the solu- 


tion in part (a). Use the graph to estimate the inter- 
val J of definition of the solution. 


(c) Determine the exact interval / of definition by ana- 
lytical methods. 


Repeat parts (a)—(c) of Problem 41 for the IVP consist- 
ing of the differential equation in Problem 7 and the ini- 
tial condition y(0) = 0. 


Discussion Problems 


43. 


44. 


45. 


46. 


47. 


48. 


(a) Explain why the interval of definition of the explicit 
solution y = $»(x) of the initial-value problem in 
Example 2 is the open interval (—5, 5). 


(b) Can any solution of the differential equation cross 
the x-axis? Do you think that x? + y? = 1 is an 
implicit solution of the initial-value problem 
dy/dx = —x/y, y(1) = 0? 


(a) If a > 0, discuss the differences, if any, between 
the solutions of the initial-value problems consist- 
ing of the differential equation dy/dx = x/y and 
each of the initial conditions y(a) = a, y(a) = —a, 
y(—a) = a, and y(—a) = —a. 

(b) Does the initial-value problem dy/dx = x/y, 
y(0) = 0 have a solution? 

(c) Solve dy/dx = x/y, y(1) = 2 and give the exact 
interval / of definition of its solution. 


In Problems 39 and 40 we saw that every autonomous 
first-order differential equation dy/dx — f(y) is 
separable. Does this fact help in the solution of the 


d 
initial-value problem = = V1 + y sin? y, y(0) = +? 
x 


Discuss. Sketch, by hand, a plausible solution curve of 
the problem. 


Without the use of technology, how would you solve 


(viia) Vy ty? 


dx E 
Carry out your ideas. 


Find a function whose square plus the square of its 
derivative is 1. 


(a) The differential equation in Problem 27 is equiva- 
lent to the normal form 

dy _ 

dx 1-32 
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in the square region in the xy-plane defined by 
|x| < 1, |y| < 1. But the quantity under the radical is 
nonnegative also in the regions defined by |x| > 1, 
|y| > 1. Sketch all regions in the xy-plane for 
which this differential equation possesses real 
solutions. 


(b) Solve the DE in part (a) in the regions defined by 
|x| > 1,]y| > 1. Then find an implicit and an 
explicit solution of the differential equation subject 
to y(2) = 2. 


Mathematical Model 


49. 


Suspension Bridge In (16) of Section 1.3 we saw that 
a mathematical model for the shape of a flexible cable 
strung between two vertical supports is 
dx Ti 

where W denotes the portion of the total vertical load 
between the points P, and P shown in Figure 1.3.7. The 
DE (10) is separable under the following conditions that 
describe a suspension bridge. 

Let us assume that the x- and y-axes are as shown in 
Figure 2.2.5—that is, the x-axis runs along the horizon- 
tal roadbed, and the y-axis passes through (0, a), which 
is the lowest point on one cable over the span of the 
bridge, coinciding with the interval [—L/2, L/2]. In the 
case of a suspension bridge, the usual assumption is that 
the vertical load in (10) is only a uniform roadbed dis- 
tributed along the horizontal axis. In other words, it is 
assumed that the weight of all cables is negligible in 
comparison to the weight of the roadbed and that the 
weight per unit length of the roadbed (say, pounds per 
horizontal foot) is a constant p. Use this information to 
set up and solve an appropriate initial-value problem 
from which the shape (a curve with equation y = $(x)) 
of each of the two cables in a suspension bridge is 
determined. Express your solution of the IVP in terms 
of the sag A and span L. See Figure 2.2.5. 


h (sag) 


D X 

L/2 L/2. = 
L (span) >| 
roadbed (load) 


TA 


FIGURE 2.2.5 Shape of a cable in Problem 49 


Computer Lab Assignments 


50. 


(a) Use a CAS and the concept of level curves to 
plot representative graphs of members of the 


FIRST-ORDER DIFFERENTIAL EQUATIONS 


51. 


52. 


family of solutions of the differential equation 
dy 8x +5 
dx 3yr +1 
of level curves as well as various rectangular 
regions defined bya S x S b,c S y S d. 


Experiment with different numbers 


(b) On separate coordinate axes plot the graphs of the 
particular solutions corresponding to the initial 


conditions: y(0) 2 —1; y(0)=2; y(—-1) =4; 
y(-1) = -3. 

(a) Find an implicit solution of the IVP 
(2y + 2) dy — (4x7 + 6x) dx = 0, y(0) = —3. 


(b) Use part (a) to find an explicit solution y — $(x) of 
the IVP. 


(c) Consider your answer to part (b) as a function only. 
Use a graphing utility or a CAS to graph this func- 
tion, and then use the graph to estimate its domain. 

(d) With the aid of a root-finding application of a CAS, 
determine the approximate largest interval J of defi- 
nition of the solution y = (x) in part (b). Use a 
graphing utility or a CAS to graph the solution 
curve for the IVP on this interval. 


(a 


— 


Use a CAS and the concept of level curves to 
plot representative graphs of members of the 
family of solutions of the differential equation 
dy | x(l— x) 
dx y(-2+y) 
numbers of level curves as well as various rectan- 
gular regions in the xy-plane until your result 
resembles Figure 2.2.6. 


Experiment with different 


(b) On separate coordinate axes, plot the graph of the 
implicit solution corresponding to the initial condi- 
tion y(0) = 3. Use a colored pencil to mark off that 
segment of the graph that corresponds to the solu- 
tion curve of a solution $ that satisfies the initial 
condition. With the aid of a root-finding application 
of a CAS, determine the approximate largest inter- 
val J of definition of the solution $. [Hint: First find 
the points on the curve in part (a) where the tangent 
is vertical.] 


(c) Repeat part (b) for the initial condition y(0) = —2. 


FIGURE 2.2.6 Level curves in Problem 52 
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2.3 


LINEAR EQUATIONS 


REVIEW MATERIAL 
e Review the definition of linear DEs in (6) and (7) of Section 1.1 


INTRODUCTION We continue our quest for solutions of first-order DEs by next examining lin- 
ear equations. Linear differential equations are an especially “friendly” family of differential equa- 
tions in that, given a linear equation, whether first order or a higher-order kin, there is always a good 
possibility that we can find some sort of solution of the equation that we can examine. 


A DEFINITION The form of a linear first-order DE was given in (7) of Section 1.1. 
This form, the case when n — 1 in (6) of that section, is reproduced here for 
convenience. 


DEFINITION 2.3.1 Linear Equation 


A first-order differential equation of the form 
d 
a) + ay = gx) (1) 
x 


is said to be a linear equation in the dependent variable y. 


When g(x) = 0, the linear equation (1) is said to be homogeneous; otherwise, it 
is nonhomogeneous. 


STANDARD FORM By dividing both sides of (1) by the lead coefficient a;(x), we 
obtain a more useful form, the standard form, of a linear equation: 


dy 


a HP TEE (2) 
X 


We seek a solution of (2) on an interval / for which both coefficient functions P and 
f are continuous. 

In the discussion that follows we illustrate a property and a procedure and end 
up with a formula representing the form that every solution of (2) must have. But 
more than the formula, the property and the procedure are important, because these 
two concepts carry over to linear equations of higher order. 


THE PROPERTY The differential equation (2) has the property that its solution is 
the sum of the two solutions: y = ye + yy, where ye is a solution of the associated 
homogeneous equation 
dy 
t Py =0 3) 
dx 
and y, is a particular solution of the nonhomogeneous equation (2). To see this, 
observe that 


dy, 
F [2 + P(x)y, 


d dye 
dx We * Yl + PO. +y] = | p + Pooy. 


X E 
WC 


y 
0 fe») 


= f(x). 


54 


CHAPTER 2 


FIRST-ORDER DIFFERENTIAL EQUATIONS 


Now the homogeneous equation (3) is also separable. This fact enables us to find y, 
by writing (3) as 


dy 
— + P(x) dx =0 
y 


and integrating. Solving for y gives y, = ce |" 9)4* For convenience let us write 
Ye = cy\(x), where y, = e JP@d* The fact that dy,/dx  P(x)y; = 0 will be used 
next to determine yp. 


THE PROCEDURE We can now find a particular solution of equation (2) by a pro- 
cedure known as variation of parameters. The basic idea here is to find a function 
u so that y, = u(x)yi(x) = u(x)e "9 is a solution of (2). In other words, our as- 
sumption for y, is the same as ye = cyi(x) except that c is replaced by the “variable 
parameter” u. Substituting y, = uy; into (2) gives 


Product Rule zero 
| 
dyi du - [i ipto] + yt - 
irm TELS + Pox)uy, = f(x) or u dx + P(x)y, T = f(x) 


du 
SO yı Ax = f(x). 


Separating variables and integrating then gives 


- f0) dx | and u= fe) dx. 
yi) yi) 
Since yi(x) = e 1P04*. we see that 1/yi(x) = el x Therefore 


y= uy = | feo qs) = een | eI C) dx, 


yi CO 
and y = ce JPWdx 4 g-[PCOdx i el P M4 (x) dx. (4) 
X E i C E 
Y Y 
Jc Jp 


Hence if (2) has a solution, it must be of form (4). Conversely, it is a straightforward 
exercise in differentiation to verify that (4) constitutes a one-parameter family of 
solutions of equation (2). 

You should not memorize the formula given in (4). However, you should 
remember the special term 


e [Pœwdx (5) 


because it is used in an equivalent but easier way of solving (2). If equation (4) is 
multiplied by (5), 


el P dry = c+ f eS POF Cy) dx, (6) 


and then (6) is differentiated, 


d — 
4, le my] = eGR), (7) 
d 
we get el? er + PeP Ody = elPWdrf(y), (8) 
x 
Dividing the last result by ef?) gives (2). 
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METHOD OF SOLUTION The recommended method of solving (2) actually 
consists of (6)-(8) worked in reverse order. In other words, if (2) is multiplied by 
(5), we get (8). The left-hand side of (8) is recognized as the derivative of the prod- 
uct of e" 94 and y. This gets us to (7). We then integrate both sides of (7) to get the 
solution (6). Because we can solve (2) by integration after multiplication by gree, 
we call this function an integrating factor for the differential equation. For conve- 
nience we summarize these results. We again emphasize that you should not mem- 
orize formula (4) but work through the following procedure each time. 


| SOLVING A LINEAR FIRST-ORDER EQUATION 


(i) Puta linear equation of form (1) into the standard form (2). 


(ii) From the standard form identify P(x) and then find the integrating 
factor ef Pde, 


(iii) Multiply the standard form of the equation by the integrating factor. 
The left-hand side of the resulting equation is automatically the 
derivative of the integrating factor and y: 


d 
E le JPedxy] = eS Pos f(y) : 


(iv) Integrate both sides of this last equation. 


[ EXAMPLE 1 Solving a Homogeneous Linear DE 


Solve d ay =n 
olive — = — Ni 
ae y 


SOLUTION This linear equation can be solved by separation of variables. 
Alternatively, since the equation is already in the standard form (2), we see that 
P(x) = —3, and so the integrating factor is eI 34x = $73 We multiply the equation 
by this factor and recognize that 


d d 
g 59 3e "y 20 isthesameas — —-[e *y] = 0. 
dx dx f 


Integrating both sides of the last equation gives e™°*y = c. Solving for y gives us the 
explicit solution y = ce?*, —% < x < cc. El 


| EXAMPLE 2 Solving a Nonhomogeneous Linear DE 


d 
Solve am 3y = 6. 
dx 


SOLUTION The associated homogeneous equation for this DE was solved in 
Example 1. Again the equation is already in the standard form (2), and the integrat- 
ing factor is still e94 = e~3*, This time multiplying the given equation by this 
factor gives 


d d 
gam = 3e y = 6e, which is the same as — [e *y] = 6e?" 
dx dx 
Integrating both sides of the last equation gives e **y = —2e ?* - c or 


y = —2 + ce**, —o < x < o, El 
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FIGURE 2.3.1 Some solutions of 
y — 3y = 6 


The final solution in Example 2 is the sum of two solutions: y = ye + yp, where 
yc = ce?" is the solution of the homogeneous equation in Example 1 and Yp = —2is 
a particular solution of the nonhomogeneous equation y’ — 3y = 6. You need not 
be concerned about whether a linear first-order equation is homogeneous or nonho- 
mogeneous; when you follow the solution procedure outlined above, a solution of a 
nonhomogeneous equation necessarily turns out to be y = ye + yp. However, the 
distinction between solving a homogeneous DE and solving a nonhomogeneous 
DE becomes more important in Chapter 4, where we solve linear higher-order 
equations. 

When a1, ao, and g in (1) are constants, the differential equation is autonomous. 
In Example 2 you can verify from the normal form dy/dx = 3(y + 2) that —2 isa 
critical point and that it is unstable (a repeller). Thus a solution curve with an 
initial point either above or below the graph of the equilibrium solution 
y — —2 pushes away from this horizontal line as x increases. Figure 2.3.1, obtained 
with the aid of a graphing utility, shows the graph of y — —2 along with some addi- 
tional solution curves. 


CONSTANT OF INTEGRATION Notice that in the general discussion and in 
Examples 1 and 2 we disregarded a constant of integration in the evaluation of the 
indefinite integral in the exponent of e/?4*, If you think about the laws of exponents 
and the fact that the integrating factor multiplies both sides of the differential equa- 
tion, you should be able to explain why writing f P(x)dx + c is unnecessary. See 
Problem 44 in Exercises 2.3. 


GENERAL SOLUTION Suppose again that the functions P and f in (2) are con- 
tinuous on a common interval /. In the steps leading to (4) we showed that if (2) has 
a solution on /, then it must be of the form given in (4). Conversely, it is a straight- 
forward exercise in differentiation to verify that any function of the form given in 
(4) is a solution of the differential equation (2) on Z. In other words, (4) is a one- 
parameter family of solutions of equation (2) and every solution of (2) defined on I 
is a member of this family. Therefore we call (4) the general solution of the 
differential equation on the interval J. (See the Remarks at the end of Section 1.1.) 
Now by writing (2) in the normal form y'= F(x, y) we can identify 
F (x, y) = —P(x)y + f(x) and dF /dy = — P(x). From the continuity of P and fon the 
interval / we see that F and dF/dy are also continuous on /. With Theorem 1.2.1 as 
our justification, we conclude that there exists one and only one solution of the 
initial-value problem 


dy 
dx + P(x)y = f(x), yao) = Yo (9) 
X 


defined on some interval Jp containing xo. But when xo is in /, finding a solution of (9) 
is just a matter of finding an appropriate value of c in (4) —that is, to each xo in / there 
corresponds a distinct c. In other words, the interval Jọ of existence and uniqueness 
in Theorem 1.2.1 for the initial-value problem (9) is the entire interval Z. 


| EXAMPLE 3 General Solution 


d 
Solve x — Ay = x6e*. 
dx 


SOLUTION Dividing by x, we get the standard form 


— -y = e. (10) 
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From this form we identify P(x) = —4/x and f(x) = x°e* and further observe that P 
and f are continuous on (0, ©). Hence the integrating factor is 


we can use In x instead of In |x| since x > 0 


eg Aldi eg ^4nx ein xc x4. 


Here we have used the basic identity 5'^*;* = N, N > 0. Now we multiply (10) by 
x ^ and rewrite 


d , 
y = xe* as — [x $y] = xe. 
dx 


It follows from integration by parts that the general solution defined on the interval 
(0, ©) is x ^y = xe* — e* + cory = x?e* — xte” + cx*. E 


Except in the case in which the lead coefficient is 1, the recasting of equation 
(1) into the standard form (2) requires division by a(x). Values of x for which 
a(x) = 0 are called singular points of the equation. Singular points are poten- 
tially troublesome. Specifically, in (2), if P(x) (formed by dividing ao(x) by aı(x)) 
is discontinuous at a point, the discontinuity may carry over to solutions of the 
differential equation. 


| EXAMPLE 4 General Solution 


d 
Find the general solution of (x? — 9) - +xy=0. 
x 


SOLUTION We write the differential equation in standard form 


d 
dy, x 


=0 11 
dx x)—9^ (11) 


and identify P(x) = x/ix? — 9). Although P is continuous on (—%, —3), (—3, 3), and 
(3, ©), we shall solve the equation on the first and third intervals. On these intervals 


the integrating factor is 
els 462-9) — gi 2x dxlo?—-9) — e Inz-9| — 4/2 = 9. 


After multiplying the standard form (11) by this factor, we get 


d [ve 55) = 0. 
dx 


Integrating both sides of the last equation gives Vx? — 9 y = c. Thus for either 


ë 

x>3orx< —3 the general solution of the equation is y = ————. E 
p i E 

Notice in Example 4 that x = 3 and x = —3 are singular points of the equation 


and that every function in the general solution y = c/V/x? — 9 is discontinuous at 
these points. On the other hand, x = 0 is a singular point of the differential equation 
in Example 3, but the general solution y = x°e* — x*e* + cx* is noteworthy in that 
every function in this one-parameter family is continuous at x = 0 and is defined 
on the interval (—%, œ) and not just on (0, ©), as stated in the solution. However, 
the family y = x°e* — x*e* + cx* defined on (—%, œ) cannot be considered the gen- 
eral solution of the DE, since the singular point x = 0 still causes a problem. See 
Problem 39 in Exercises 2.3. 


58 e CHAPTER 2 FIRST-ORDER DIFFERENTIAL EQUATIONS 


FIGURE 2.3.2 Some solutions of 
y +ty=x 


FIGURE 2.3.3 Discontinuous f(x) 


j EXAMPLE 5 An Initial-Value Problem 


d 
Solve. +y =x, y(0) = 4. 
dx 


SOLUTION The equation is in standard form, and P(x) = 1 and f(x) = x are contin- 


uous on (— e, o»). The integrating factor is el4* = e*, so integrating 


d 
4, le'y] = xe" 


gives e*y = xe* — e* + c. Solving this last equation for y yields the general solution 
y =x-— l + ce ^. But from the initial condition we know that y = 4 when x = 0. 
Substituting these values into the general solution implies that c = 5. Hence the 
solution of the problem is 


y=x-1+5e%, -~<x< om, (12 m 


Figure 2.3.2, obtained with the aid of a graphing utility, shows the graph of (12) 
in dark blue, along with the graphs of other representative solutions in the one- 
parameter family y = x — 1 + ce *. In this general solution we identify ye = ce * 
and y, = x — 1. It is interesting to observe that as x increases, the graphs of all mem- 
bers of the family are close to the graph of the particular solution y, = x — 1, which 
is shown in solid green in Figure 2.3.2. This is because the contribution of y, = ce * 
to the values of a solution becomes negligible for increasing values of x. We say that 
ye = ce “is a transient term, since y, — 0 as x — cc. While this behavior is not a 
characteristic of all general solutions of linear equations (see Example 2), the notion 
of a transient is often important in applied problems. 


DISCONTINUOUS COEFFICIENTS In applications the coefficients P(x) and 
f(x) in (2) may be piecewise continuous. In the next example f(x) is piecewise con- 
tinuous on [0, ©) with a single discontinuity, namely, a (finite) jump discontinuity at 
x = 1. We solve the problem in two parts corresponding to the two intervals over 
which f is defined. It is then possible to piece together the two solutions at x = 1 so 
that y(x) is continuous on [0, ~). 


I EXAMPLE 6  AnInitial-Value Problem 


Sols E^ acie de yes wh jo usmod 
on yf y = where f(x) = 0, e 


SOLUTION The graph of the discontinuous function fis shown in Figure 2.3.3. We 
solve the DE for y(x) first on the interval [0, 1] and then on the interval (1, œ). For 
0 =x <= 1 we have 


dy : d 
—+y=1 or, equivalently, — [ey] = æ. 
dx dx 


Integrating this last equation and solving for y gives y = 1 + ce *. Since y(0) = 0, 
we must have c; = — 1, and therefore y = 1 — e ", 0x x < I. Then for x > 1 the 
equation 


FIGURE 2.3.4 Graph of function 


in (13) 


Nc 


» 


FIGURE 2.3.5 Some solutions of 


y'—-2xy-22 
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leads to y = coe *. Hence we can write 


Ei O<x<1, 
y= 


Coe ^, x]. 


By appealing to the definition of continuity at a point, it is possible to determine c; 
so that the foregoing function is continuous at x = 1. The requirement that 
lim, ,,. y(x) = y(1) implies that ce! = 1-—e7! or c;—-e-— 1. As seen in 
Figure 2.3.4, the function 


f — £7, 0zxzl, 


(e — De *, x1 gu 


is continuous on (0, ©). a 


It is worthwhile to think about (13) and Figure 2.3.4 a little bit; you are urged to 
read and answer Problem 42 in Exercises 2.3. 


FUNCTIONS DEFINED BY INTEGRALS At the end of Section 2.2 we dis- 
cussed the fact that some simple continuous functions do not possess antiderivatives 
that are elementary functions and that integrals of these kinds of functions are called 
nonelementary. For example, you may have seen in calculus that fe~* dx and 
[sin x? dx are nonelementary integrals. In applied mathematics some important func- 
tions are defined in terms of nonelementary integrals. Two such special functions are 
the error function and complementary error function: 


"M f a 2 T g 
erf(x) = EA e" dt and erfc(x) — i e" dt. (14) 


From the known result f; e^ dt = V 7/2" we can write (2/V 7) Joe dt = 1. 
Then from fj = f, + fy it is seen from (14) that the complementary error func- 
tion erfc(x) is related to erf(x) by erf(x) + erfc(x) = 1. Because of its importance 
in probability, statistics, and applied partial differential equations, the error func- 
tion has been extensively tabulated. Note that erf(0) = 0 is one obvious function 
value. Values of erf(x) can also be found by using a CAS. 


l EXAMPLE 7 The Error Function 


d 
Solve the initial-value problem = — Ixy =2, y(0)=1. 
X 


SOLUTION Since the equation is already in standard form, we see that the integrat- 
ing factor is e * dx, so from 


d 2 2 "NE" à 
—[e*y] 22e * we get y= ze | e" dt t ce. (15) 
dx 0 

Applying y(0) = 1 to the last expression then gives c = 1. Hence the solution of the 
problem is 


y= 2e | edt + e ory =e [1 + Vi erf(x)]. 
0 


The graph of this solution on the interval (—%, ©), shown in dark blue in Figure 2.3.5 
among other members of the family defined in (15), was obtained with the aid of a 
computer algebra system. El 


"This result is usually proved in the third semester of calculus. 
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FIRST-ORDER DIFFERENTIAL EQUATIONS 


USE OF COMPUTERS The computer algebra systems Mathematica and Maple 
are capable of producing implicit or explicit solutions for some kinds of differential 
equations using their dsolve commands.” 


| REMARKS 


(i) In general, a linear DE of any order is said to be homogeneous when 
g(x) = 0 in (6) of Section 1.1. For example, the linear second-order DE 
y" — 2y' + 6y = 0 is homogeneous. As can be seen in this example and in the 
special case (3) of this section, the trivial solution y — 0 is always a solution of 
a homogeneous linear DE. 


(ii) Occasionally, a first-order differential equation is not linear in one variable 
but is linear in the other variable. For example, the differential equation 


dy _ 1 
dee Bk 


is not linear in the variable y. But its reciprocal 


T xe po .—-—x- 

dy 
is recognized as linear in the variable x. You should verify that the integrating 
factor eD = &-* and integration by parts yield the explicit solution 
x= =y? — 2y — 2 + ce? for the second equation. This expression is, then, 
an implicit solution of the first equation. 


(iii) Mathematicians have adopted as their own certain words from engineer- 
ing, which they found appropriately descriptive. The word transient, used 
earlier, is one of these terms. In future discussions the words input and output 
will occasionally pop up. The function f in (2) is called the input or driving 
function; a solution y(x) of the differential equation for a given input is called 
the output or response. 


(iv) The term special functions mentioned in conjunction with the error func- 
tion also applies to the sine integral function and the Fresnel sine integral 
introduced in Problems 49 and 50 in Exercises 2.3. “Special Functions” is 
actually a well-defined branch of mathematics. More special functions are 
studied in Section 6.3. 


*Certain commands have the same spelling, but in Mathematica commands begin with a capital letter 
(Dsolve), whereas in Maple the same command begins with a lower case letter (dsolve). When 
discussing such common syntax, we compromise and write, for example, dsolve. See the Student 
Resource and Solutions Manual for the complete input commands used to solve a linear first-order DE. 


EXERCISES 2.3 


Answers to selected odd-numbered problems begin on page ANS-2. 


In Problems 1-24 find the general solution of the given dif- 5. y’ + 3xly =y 6. y! + 2xy = 3d 
ferential equation. Give the largest interval J over which the : 
general solution is defined. Determine whether there are any Ts ay +xy=1 8. y' =2y + x45 
transient terms in the general solution. d d 
9, x y — ii 10. x 2. -2y 23 
sx y — x^sinx zx y 
dy dx dx 
1. p m 5y 0 
x d d 
1l. x7 dy x 12. aT —ayarts 
X X 
3, p y ne 4. 32 + 12y 24 b l 
dx x 13. x^y' + x(x + 2)y = e* 


14. xy’ + (1 + xy =e“ sin 2x 
15. y dx — 4(x + y®) dy =0 
16. y dx = (ye? — 2x) dy 


d 
17. cos go + (sinx)y = 1 
dx 
do. BD 3 
18. cos^xsinx — + (cos’x)y = 1 
dx 
dy - 
19. (x + 1)— + (x + 2)y = 2xe™* 
dx 
dy 
20. (x + 25 — = 5 — 8y — 4xy 
dx 


d 
21. T5 + rsec 0 = cos 0 


P 
22, “+ 0p =P + 4-2 


d 
23. pees + (3x + l)y=e* 
dx 


d 
24. (x — B +2y =(x + 1p 


In Problems 25-30 solve the given initial-value problem. 
Give the largest interval / over which the solution is defined. 


25. xy’ +y=e, yl) =2 
d 
26. y x 223, yl) =5 
dy 
27 il emer (0) — i 
de i=E, i(0)— ig, 
L, R, E, and ip constants 
dT 
28 de kT — Ta); TO) = I, 


. t = 
k, Tm, and Tọ constants 
d 
29. &- D) +y=1nx, yl) = 10 
dx 
30. y' + (tanx)y = cos?x y(0) = -1 
In Problems 31—34 proceed as in Example 6 to solve the 
given initial-value problem. Use a graphing utility to graph 
the continuous function y(x). 


d 
31. F^ + 2y = f(x), y(0) = 0, where 
x: 


1, 0zxz-3 
0, x3 


ro | 


d 
32. - + y = f(x), y(0) = 1, where 
X 


0zxzxl 


: xl 


E 
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d 
33. " + 2xy = f(x), yO) = 2, where 
x 


yep 


0, xc 


34. (1 + x’) B + 2xy = f(x), (0) = 0, where 
X 


fy ={* O=x< 1 


—Xx, x21 


35. Proceed in a manner analogous to Example 6 to solve the 
initial-value problem y' + P(x)y = 4x, y(0) = 3, where 


2, Osx<1, 


P(x) = 
ad en xl. 


Use a graphing utility to graph the continuous function 
y). 


36. Consider the initial-value problem y' + e*y = f(x), 
y(0) = 1. Express the solution of the IVP for x > O asa 
nonelementary integral when f(x) = 1. What is the so- 
lution when f(x) = 0? When f(x) = e*? 


37. Express the solution of the initial-value problem 
y’ — 2xy = 1, y(1) = 1, in terms of erf(x). 


Discussion Problems 


38. Reread the discussion following Example 2. Construct a 
linear first-order differential equation for which all 
nonconstant solutions approach the horizontal asymp- 
tote y = 4 as x — oc. 


39. Reread Example 3 and then discuss, with reference 
to Theorem 1.2.1, the existence and uniqueness of a 
solution of the initial-value problem consisting of 
xy’ — 4y = xÓe* and the given initial condition. 


(a) y(0) — 0 (b) »(0) = yo, yo > 0 
(c) y(xo) = yo, xo > 0, yo > 0 


40. Reread Example 4 and then find the general solution of 
the differential equation on the interval (—3, 3). 


41. Reread the discussion following Example 5. Construct a 
linear first-order differential equation for which all solu- 
tions are asymptotic to the line y = 3x — 5 as x — oc. 


42. Reread Example 6 and then discuss why it is technically 
incorrect to say that the function in (13) is a "solution" 
of the IVP on the interval [0, o). 


43. (a) Construct a linear first-order differential equation of 
the form xy’ + ao(x)y = g(x) for which y, = c/x? 
and y,= x*. Give an interval on which 


y = x? + c/x? is the general solution of the DE. 
(b) Give an initial condition y(xo) = yo for the DE 

found in part (a) so that the solution of the IVP 

is y —x^— 1/x*. Repeat if the solution is 
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y =x? + 2/x?. Give an interval J of definition of 
each of these solutions. Graph the solution curves. Is 
there an initial-value problem whose solution is 
defined on (—%, œ)? 

(c) Is each IVP found in part (b) unique? That is, can 
there be more than one IVP for which, say, 
y= x3—-1 /x3, x in some interval /, is the solution? 


44. In determining the integrating factor (5), we did not use 
a constant of integration in the evaluation of f P(x) dx. 
Explain why using fP(x) dx + c has no effect on the 
solution of (2). 


45. Suppose P(x) is continuous on some interval / and a is a 
number in /. What can be said about the solution of the 
initial-value problem y' + P(x)y = 0, y(a) = 0? 


Mathematical Models 


46. Radioactive Decay Series The following system 
of differential equations is encountered in the study of the 
decay of a special type of radioactive series of elements: 


NE 

dt id 

dy 

dt = Aix — dy, 


where A; and À» are constants. Discuss how to solve this 
system subject to x(0) — xo, y(0) — yo. Carry out your 
ideas. 


47. Heart Pacemaker A heart pacemaker consists of a 
switch, a battery of constant voltage Eo, a capacitor with 
constant capacitance C, and the heart as a resistor with 
constant resistance R. When the switch is closed, the 
capacitor charges; when the switch is open, the capacitor 
discharges, sending an electrical stimulus to the heart. 
During the time the heart is being stimulated, the voltage 


E across the heart satisfies the linear differential equation 


Solve the DE subject to E(4) = Eo. 


Computer Lab Assignments 


48. 


49. 


50. 


(a) Express the solution of the initial-value problem 


, 


y! — 2xy = —1, (0) = V7 /2, in terms of erfc(x). 


(b) Use tables or a CAS to find the value of y(2). Usea 
CAS to graph the solution curve for the IVP on 


(—%, œ), 


(a) The sine integral function is defined by 
Si(x) = f a (sin t/t) dt, where the integrand is 
defined to be 1 at t = 0. Express the solution y(x) of 
the initial-value problem x*y’ + 2x?y = 10sin x, 
y(1) = 0 in terms of Si(x). 

(b) Use a CAS to graph the solution curve for the IVP 
for x 0. 


(c) Use a CAS to find the value of the absolute maxi- 
mum of the solution y(x) for x > 0. 


(a) The Fresnel sine integral is defined by 
Sœ) = J sin(at?/2) dt. Express the solution y(x) 
of the initial-value problem y’— (sin x?)y = 0, 
y(0) = 5, in terms of S(x). 

(b) Use a CAS to graph the solution curve for the IVP 
on (— 96, co). 

(c) It is known that S(x) — 7 as x — œ% and S(x) > —4 
as x — —œ , What does the solution y(x) approach 
as x — 0? As x — —%? 

(d) Use a CAS to find the values of the absolute 
maximum and the absolute minimum of the 
solution y(x). 


2.4 EXACT EQUATIONS 


REVIEW MATERIAL 


e Multivariate calculus 


* Partial differentiation and partial integration 
* Differential of a function of two variables 


INTRODUCTION Although the simple first-order equation 
ydx t xdy-0 
is separable, we can solve the equation in an alternative manner by recognizing that the expression 
on the left-hand side of the equality is the differential of the function f(x, y) = xy; that is, 
d(xy) = y dx + x dy. 
In this section we examine first-order equations in differential form M(x, y) dx + N(x, y) dy = 0. By 


applying a simple test to M and N, we can determine whether M(x, y) dx + N(x, y) dy is a differen- 
tial of a function f(x, y). If the answer is yes, we can construct f by partial integration. 
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DIFFERENTIAL OF A FUNCTION OF TWO VARIABLES Ifz=f(x,y)isa 
function of two variables with continuous first partial derivatives in a region R of the 
xy-plane, then its differential is 


dz = —dx + ~ dy. (1) 


In the special case when f(x, y) = c, where c is a constant, then (1) implies 


f 


af B. aer: Q) 
y 


— dx + 
Ox 


ay 
In other words, given a one-parameter family of functions f(x, y) = c, we can generate 
a first-order differential equation by computing the differential of both sides of the 
equality. For example, if x? — 5xy + y? = c, then (2) gives the first-order DE 


(2x — Sy) dx + (—5x + 3y?) dy = 0. (3) 


A DEFINITION Of course, not every first-order DE written in differential form 
M(x, y) dx + N(x, y) dy = 0 corresponds to a differential of f(x, y) = c. So for our 
purposes it is more important to turn the foregoing example around; namely, if 
we are given a first-order DE such as (3), is there some way we can recognize 
that the differential expression (2x — 5y) dx + (—5x + 3y?) dy is the differential 
d(x* — 5xy + y?)? If there is, then an implicit solution of (3) is x? — 5xy + y? — c. 
We answer this question after the next definition. 


DEFINITION 2.4.1 Exact Equation 


A differential expression M(x, y) dx + N(x, y) dy is an exact differential in a 
region R of the xy-plane if it corresponds to the differential of some function 
f(x, y) defined in R. A first-order differential equation of the form 


M(x, y) dx + N(x, y) dy = 0 


is said to be an exact equation if the expression on the left-hand side is an 
exact differential. 


For example, x?y? dx + x?y? dy = 0 is an exact equation, because its left-hand 
side is an exact differential: 


d e x3 y3) = xy) dx + xy? dy. 
Notice that if we make the identifications M(x, y) = x2y? and N(x, y) = x?y?, then 


dM /dy = 3x2y? = dN/dx. Theorem 2.4.1, given next, shows that the equality of the 
partial derivatives 9M /ày and dN/dx is no coincidence. 


THEOREM 2.4.1 Criterion for an Exact Differential 


Let M(x, y) and N(x, y) be continuous and have continuous first partial 
derivatives in a rectangular region R defined by a < x < b, c < y < d. Then a 
necessary and sufficient condition that M(x, y) dx + N(x, y) dy be an exact 
differential is 


aM |. aN 


oy x’ 
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PROOF OF THE NECESSITY For simplicity let us assume that M(x, y) and 
N(x, y) have continuous first partial derivatives for all (x, y). Now if the expression 
M(x, y) dx + N(x, y) dy is exact, there exists some function f such that for all x in R, 


of of 
M(x, y) dx + N(x, y) dy = ~~ dx + — dy. 
Ox oy 
0 0 
Therefore M(x, y) = ar Nœ, y) = of 
Ox oy 


and 


aM a (=| | 9f ð (=| _ aN 
oy dy NOx. dy Ox | Ox \dy ox 


The equality of the mixed partials is a consequence of the continuity of the first par- 
tial derivatives of M(x, y) and N(x, y). [| 


The sufficiency part of Theorem 2.4.1 consists of showing that there exists a 
function f for which ðf /àx = M(x, y) and 9f/ày = N(x, y) whenever (4) holds. The 
construction of the function f actually reflects a basic procedure for solving exact 
equations. 


METHOD OF SOLUTION Given an equation in the differential form 
M(x, y) dx + N(x, y) dy = 0, determine whether the equality in (4) holds. If it does, 
then there exists a function f for which 


z = M(x, y). 


We can find f by integrating M(x, y) with respect to x while holding y constant: 


foy) = ILS y) dx + g(y), (5) 


where the arbitrary function g(y) is the “constant” of integration. Now differentiate 
(5) with respect to y and assume that df/dy = N(x, y): 


of o ; 
= 2. | mo y)dx + g'(y) = NG, y). 
y y 


This gives g'(y) = N(x, y) — 2 | ne. y) dx. (6) 
y 


Finally, integrate (6) with respect to y and substitute the result in (5). The implicit 
solution of the equation is f(x, y) = c. 

Some observations are in order. First, it is important to realize that the expres- 
sion N(x, y) — (d/dy) f M(x, y) dx in (6) is independent of x, because 


| x -fm jar | =X- 2 (2 |masa) = -=o 
del res dy PEN dx dy NOx DUET Ox dy 


Second, we could just as well start the foregoing procedure with the assumption that 
df /ày = N(x, y). After integrating N with respect to y and then differentiating that 
result, we would find the analogues of (5) and (6) to be, respectively, 


fy) = Na ydy+h@) and — A'()-M(xy- < f NG, y) dy. 


In either case none of these formulas should be memorized. 
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| EXAMPLE 1 Solving an Exact DE 


Solve 2xy dx + (x? — 1) dy = 0. 
SOLUTION With M(x, y) = 2xy and N(x, y) = x? — 1 we have 


oM ðN 

— = 2r = —. 

ðy Ox 
Thus the equation is exact, and so by Theorem 2.4.1 there exists a function f(x, y) 
such that 


From the first of these equations we obtain, after integrating, 


fœ y) = xy + go. 
Taking the partial derivative of the last expression with respect to y and setting the 
result equal to N(x, y) gives 


af 


leu dea = 1 Ae 
dy 


It follows that g'(y) = —1 and g(y) = —y. Hence f(x, y) = x?y — y, so the solution 
of the equation in implicit form is x^v — y = c. The explicit form of the solution is 
easily seen to be y = c/(1 — x?) and is defined on any interval not containing either 
x-lorx- -1. a 


NOTE The solution of the DE in Example 1 is not f(x, y) = x?y — y. Rather, it is 
f(x, y) = c; if a constant is used in the integration of g'(y), we can then write the so- 
lution as f(x, y) — 0. Note, too, that the equation could be solved by separation of 
variables. 


i EXAMPLE 2 Solving an Exact DE 


Solve (e? — y cos xy) dx + (2xe?” — x cos xy + 2y) dy = 0. 
SOLUTION The equation is exact because 


aM aN 
— = 2e? + xy sin xy — cos xy = —. 
oy Ox 


Hence a function f(x, y) exists for which 


ð ð 
M(x, y) = z and — N(x,y)— = 


Now for variety we shall start with the assumption that df/dy = N(x, y); that is, 
of 


= = 2xe? — xcos xy + 2y 
dy 


f(x, y) = 2x | eray ZIEL + 2 [yas 


66 e CHAPTER 2 


FIGURE 2.4.1 


Some graphs 


of members of the family 


yr — x2) — cos 


x~=C¢ 
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Remember, the reason x can come out in front of the symbol f is that in the integra- 
tion with respect to y, x is treated as an ordinary constant. It follows that 


f(x, y) = xe? — sin xy + y? + h(x) 
— = e” — ycosxy + h'(x) = e? — ycosxy, —M(x,y) 


and so A'(x) = 0 or A(x) = c. Hence a family of solutions is 


xe?” — sin xy +y? +c =0. E 


l EXAMPLE 3 An Initial-Value Problem 


dy xy) — cosxsinx 


dx y — x?) 


Solve > y(O) = 2. 


SOLUTION By writing the differential equation in the form 
(cos x sin x — xy?) dx + y(1— x2) dy = 0, 


we recognize that the equation is exact because 


oM oN 
= —2xy = —. 
oy Ox 
ð 
Now LUN y — x’) 
oy 


2 
fy) = N — x?) + h(x) 


of 


I —xy? + h'(x) = cos x sin x — xy’. 
x 


The last equation implies that A'(x) — cos x sin x. Integrating gives 


h(x) = -f (cos x)(—sin x dx) = -$ cos? x. 


1 
Thus > (1-3)-7ox-6 or  yü-2)-cx- e, (7) 


where 2c, has been replaced by c. The initial condition y = 2 when x = 0 demands 
that 4(1) — cos? (0) = c, and so c = 3. An implicit solution of the problem is then 
y? — x?) — cos? x = 3. 

The solution curve of the IVP is the curve drawn in dark blue in Figure 2.4.1; 
it is part of an interesting family of curves. The graphs of the members of the one- 
parameter family of solutions given in (7) can be obtained in several ways, two of 
which are using software to graph level curves (as discussed in Section 2.2) and 
using a graphing utility to carefully graph the explicit functions obtained for var- 
ious values of c by solving y? = (c + cos? x)/(1 — x?) for y. Ej 


INTEGRATING FACTORS Recall from Section 2.3 that the left-hand side of 
the linear equation y' + P(x)y = f(x) can be transformed into a derivative when 
we multiply the equation by an integrating factor. The same basic idea sometimes 
works for a nonexact differential equation M(x, y) dx + N(x, y) dy = 0. That is, it is 
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sometimes possible to find an integrating factor u(x, y) so that after multiplying, the 
left-hand side of 


u(x, y) MG, y) dx + u(x, y)N(, y) dy = 0 (8) 


is an exact differential. In an attempt to find u, we turn to the criterion (4) for exact- 
ness. Equation (8) is exact if and only if (uM), = (uN), where the subscripts 
denote partial derivatives. By the Product Rule of differentiation the last equation is 
the same as uM, + uu M = uN; + pN or 


UxN — ui, M = (M, — Np. (9) 


Although M, N, M,, and N, are known functions of x and y, the difficulty here in 
determining the unknown u(x, y) from (9) is that we must solve a partial differential 
equation. Since we are not prepared to do that, we make a simplifying assumption. 
Suppose wu is a function of one variable; for example, say that u depends only on x. In 
this case, ux = du/dx and uy = 0, so (9) can be written as 


du M,-N, 


dx N qo) 


We are still at an impasse if the quotient (M, — N,)/N depends on both x and y. 
However, if after all obvious algebraic simplifications are made, the quotient 
(M, = N,) /N turns out to depend solely on the variable x, then (10) is a first-order 
ordinary differential equation. We can finally determine pz because (10) is separa- 
ble as well as linear. It follows from either Section 2.2 or Section 2.3 that 
u(x) = ef t -8)/4* In like manner, it follows from (9) that if u depends only on 
the variable y, then 


du _ N,- M, 


l 11 
dy m ” (11) 


In this case, if (Ny — My) / M is a function of y only, then we can solve (11) for y. 
We summarize the results for the differential equation 


M(x, y) dx + N(x, y) dy = 0. (12) 
* If (M, — N,) /N is a function of x alone, then an integrating factor for (12) is 


| M-N: 


—— dx 


pi)we T. (13) 
* If (N, — My) / M is a function of y alone, then an integrating factor for (12) is 
NM, yy 
yy) = Fate (14) 


| EXAMPLE 4 A Nonexact DE Made Exact 


The nonlinear first-order differential equation 
xy dx + (2x? + 3y? — 20) dy = 0 
is not exact. With the identifications M = xy, N = 2x? + 3y? — 20, we find the partial 
derivatives M, = x and N, = 4x. The first quotient from (13) gets us nowhere, since 
M,=N x— 4x » =3x 
N 2x? + 3y?— 20 2x? + 3y? — 20 


depends on x and y. However, (14) yields a quotient that depends only on y: 


N,—-M, 4x-x 3x 3 


M xy oxy y 
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The integrating factor is then e/?4»/» = 3l» = elm? = y3, After we multiply the given 


DE by u(y) = y’, the resulting equation is 
xy* dx + Qx2y? + 3y? — 20?) dy = 0. 


You should verify that the last equation is now exact as well as show, using the 
method of this section, that a family of solutions is 5x°yi + 155 — 5; — c. m 


REMARKS 


(i) When testing an equation for exactness, make sure it is of the precise 
form M(x, y) dx + N(x, y) dy =0. Sometimes a differential equation 
is written G(x, y) dx = H(x, y) dy. In this case, first rewrite it as 
G(x, y) dx — H(x, y) dy ^ 0 and then identify M(x, y) = G(x, y) and 
N(x, y) = —H(x, y) before using (4). 

(ii) In some texts on differential equations the study of exact equations 
precedes that of linear DEs. Then the method for finding integrating factors 
just discussed can be used to derive an integrating factor for 
y + P(x)y = f(x). By rewriting the last equation in the differential form 
(PGO)y — f(x)) dx + dy = 0, we see that 


From (13) we arrive at the already familiar integrating factor e/?*, used in 
Section 2.3. 


Answers to selected odd-numbered problems begin on page ANS-2. 
EXERCISES 2.4 
In Problems 1-20 determine whether the given differential 12. (3 xly + e) dx + (x + xe — 2y) dy =0 
equation is exact. If it is exact, solve it. 
1. (2x - D dx + By + 7) dy = 0 B. xD = me y + 6x" 
x 
2. (2x + y) dx — (x + 6y)dy=0 
3. (Sx + 4y) dx + (4x — 8y3) dy =0 14. ( ita) Zaty 1 
4. (sin y — y sin x) dx + (cos x + x cos y — y dy = 0 : i 
5. Qxy? — 3) dx + (2x°y + 4) dy = 0 1 d 
(Qxy ) dx + (2x^y ) dy 15. (sv - JE ease =0 
1 + 9x^/ dy 


1 d 
6. (m = ++ cos 31] Z + Z = a + 3ysin3x = 0 
$ did 16. (5y - 29y' - 2y =0 


35 2 _ 
7. (x7 — y) dx + (x° — 2xy) dy = 0 17. (tan x — sin x sin y) dx + cos x cos y dy = 0 


8. (1 + Inx + 2) dx = (1 — Inx) dy 18. (2y sin x cos x — y + 2y?e?") dx 
X 


2 NEC 4 xy? d 
9. (x — y? + y? sin x) dx = (3xy? + 2y cos x) dy pee eae ay 


10. (x? + y?) dx + 3xy* dy = 0 19. (4t?y — 152? — y) dt + (4 + 3? — t) dy = 0 


(«1 » )ar+( Pee Ja 0 
. |7 A e- = 
i P Pay 7 gy? 


I 


1 
11. Ony- ede (44 riny)dy=0 2 
y. 


In Problems 21—26 solve the given initial-value problem. 
21. (x + y dx + Qxy + x? — 1)dy - 0, y)=1 
22. (&* + y)dx + (2 + x + ye)dy-0, y(0)=1 
23. (Ay + 2t — 5) dt + (6y + 4t — 1)dy = 0, y(-1)-2 
24. A2 L.- 0, (1) =1 

dt 2y* 


25. (y? cos x — 3x?y — 2x) dx 
+ (2y sin x — x? + In y)dy 20, y(0)=e 
dy 


1 
26. s py + cosx — 25)2 = y(y + sin x), y(0) = 1 


In Problems 27 and 28 find the value of k so that the given 
differential equation is exact. 


27. (y) + kxy* — 2x) dx + (xy? + 20x*y?) dy = 0 
28. (6xy? + cos y) dx + Qkx?y? — x sin y) dy = 0 


In Problems 29 and 30 verify that the given differential equa- 
tion is not exact. Multiply the given differential equation 
by the indicated integrating factor u(x, y) and verify that the 
new equation is exact. Solve. 


29. (—xy sin x + 2y cos x) dx + 2x cos x dy = 0; 
M(x, y) = xy 


30. (x? + 2xy — y?) dx + (y? + 2xy — x?) dy = 0; 
wx, y) = (w+ yy? 


In Problems 31 —36 solve the given differential equation by 
finding, as in Example 4, an appropriate integrating factor. 


31. (2y? + 3x) dx + 2xy dy = 0 
32. yx + y + D) dx + (x + 2y) dy = 0 
33. 6xy dx + (4y + 9x7) dy = 0 


2 
34. cos x dx + (1 + 2) sin x dy = 0 
» 


35. (10 — 6y + e **) dx - 2dy = 0 

36. (y? + xy?) dx + (Sy? — xy + y? sin y) dy = 0 

In Problems 37 and 38 solve the given initial-value problem 
by finding, as in Example 4, an appropriate integrating factor. 
37. xdx + (x*y + Ay) dy 2 0, y(4)=0 

38. (x? + y? - 5) dx = (y + xy) dy, y(0021 


39. (a) Show that a one-parameter family of solutions of 
the equation 


(Axy + 332) dx + (2y + 222) dy = 0 


is x + 2x*y + y?- c. 
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(b) Show that the initial conditions y(0) = —2 and 
y(1) = 1 determine the same implicit solution. 


(c) Find explicit solutions y,(x) and y2(x) of the dif- 
ferential equation in part (a) such that y,(0) = —2 
and y;(1) = 1. Use a graphing utility to graph y(x) 
and y5(x). 


Discussion Problems 


40. Consider the concept of an integrating factor used in 
Problems 29 —38. Are the two equations M dx + N dy = 0 
and uM dx + uN dy = 0 necessarily equivalent in the 
sense that a solution of one is also a solution of the other? 
Discuss. 


41. Reread Example 3 and then discuss why we can con- 
clude that the interval of definition of the explicit 
solution of the IVP (the blue curve in Figure 2.4.1) is 
(71,1. 


42. Discuss how the functions M(x, y) and N(x, y) can be 
found so that each differential equation is exact. Carry 
out your ideas. 


1 
(a) M(x, y) dx + (se + 2xy + Jo =0 
x 


X 


b) x22 + 
(b) ( " xb c 


-) dx + N(x, y)dy = 0 

43. Differential equations are sometimes solved by 
having a clever idea. Here is a little exercise in 
cleverness: Although the differential equation 
(x — Vx" + y?) dx + y dy = 0 is not exact, show how 
the rearrangement (x dx + y dy) / Vx? + y? = dx and 
the observation ida? + y?) = x dx + y dy can lead to 
a solution. 


44. True or False: Every separable first-order equation 
dy/dx — g(x)h(y) is exact. 


Mathematical Model 


45. Falling Chain A portion of a uniform chain of length 
8 ft is loosely coiled around a peg at the edge of a high 
horizontal platform, and the remaining portion of the 
chain hangs at rest over the edge of the platform. See 
Figure 2.4.2. Suppose that the length of the overhang- 
ing chain is 3 ft, that the chain weighs 2 Ib/ft, and that 
the positive direction is downward. Starting at t = 0 
seconds, the weight of the overhanging portion causes 
the chain on the table to uncoil smoothly and to fall to 
the floor. If x(t) denotes the length of the chain over- 
hanging the table at time 7 > 0, then v = dx/dt is its 
velocity. When all resistive forces are ignored, it can 
be shown that a mathematical model relating v to x is 


70 e CHAPTER 2 FIRST-ORDER DIFFERENTIAL EQUATIONS 


given by Computer Lab Assignments 
d . 

35S ae Aue 46. Streamlines 
dx (a) The solution of the differential equation 


(a) Rewrite this model in differential form. Proceed as 


in Problems 31 —36 and solve the DE for v in terms 2xy y-x 
i atei ; ———— dx + |1 + —=—— J dy = 0 
of x by finding an appropriate integrating factor. (x2 yy (x2 + yy 
Find an explicit solution v(x). 
(b) Determine the velocity with which the chain leaves is a family of curves that can be interpreted as 
the platform. streamlines of a fluid flow around a circular object 


whose boundary is described by the equation 
x? + y? = 1. Solve this DE and note the solution 
f(x,y) = cforc = 0. 

(b) Use a CAS to plot the streamlines for 
c=0, 0.2, +0.4, +0.6, and +0.8 in three 
different ways. First, use the contourplot of a CAS. 
Second, solve for x in terms of the variable y. Plot 
the resulting two functions of y for the given values 
of c, and then combine the graphs. Third, use the 

FIGURE 2.4.2  Uncoiling chain in Problem 45 CAS to solve a cubic equation for y in terms of x. 


peg 


platform edge 


| 2.5 SOLUTIONS BY SUBSTITUTIONS 


REVIEW MATERIAL 


e Techniques of integration 
e Separation of variables 
e Solution of linear DEs 


INTRODUCTION We usually solve a differential equation by recognizing it as a certain kind of 
equation (say, separable, linear, or exact) and then carrying out a procedure, consisting of equation- 
specific mathematical steps, that yields a solution of the equation. But it is not uncommon to be 
stumped by a differential equation because it does not fall into one of the classes of equations that 
we know how to solve. The procedures that are discussed in this section may be helpful in this 
situation. 


SUBSTITUTIONS Often the first step in solving a differential equation consists 
of transforming it into another differential equation by means of a substitution. 
For example, suppose we wish to transform the first-order differential equation 
dy/dx = f(x, y) by the substitution y = g(x, u), where u is regarded as a function of 
the variable x. If g possesses first-partial derivatives, then the Chain Rule 


dy  Ogdx " dg du 
dx ðxdx dudx 


: dy du 
gives — = gx, u) + g,(x, u) —. 
dx dx 


If we replace dy/dx by the foregoing derivative and replace y in f(x, y) by g (x, u), then 
d 
the DE dy/dx = f(x, y) becomes g,(x, U) + g,(x, u) Es = f(x, g(x, u)), which, solved 
x 


d 
for du/dx, has the form = = F(x, u). If we can determine a solution u = (x) of this 
X 


last equation, then a solution of the original differential equation is y = g(x, $(x)). 
In the discussion that follows we examine three different kinds of first-order 
differential equations that are solvable by means of a substitution. 
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HOMOGENEOUS EQUATIONS If a function f possesses the property 
f(tx, ty) = t*f(x, y) for some real number a, then f is said to be a homogeneous 
function of degree a. For example, f(x, y) = x? + y? is a homogeneous function of 
degree 3, since 


f(tx, ty) = (tx)? + (ty)? = Po? + y) = PF y), 


whereas f(x, y) = x? + y? + 1 is not homogeneous. A first-order DE in differential 
form 


M(x, y) dx + N(x, y)dy = 0 (1) 


is said to be homogeneous” if both coefficient functions M and N are homogeneous 
equations of the same degree. In other words, (1) is homogeneous if 


M(tx, ty) = M(x, y) and N(tx, ty) = N(x, y). 
In addition, if M and N are homogeneous functions of degree a, we can also write 
M(x, y) = x*M(1, u) and N(x, y) = x*N(1,u), where u = y/x, (2) 
and 
M(x, y) = y*MQ, 1) and N(x, y) = y*N(v, 1), where v = x/y. (3) 


See Problem 31 in Exercises 2.5. Properties (2) and (3) suggest the substitutions that can 
be used to solve a homogeneous differential equation. Specifically, either of the substi- 
tutions y = ux or x = vy, where u and v are new dependent variables, will reduce a 
homogeneous equation to a separable first-order differential equation. To show this, ob- 
serve that as a consequence of (2) a homogeneous equation M(x, y) dx + N(x, y) dy = 0 
can be rewritten as 


x*M(1, u) dx + x"*N(1, u) dy = 0 Or M(1, u) dx + N(1, u) dy = 0, 


where u = y/x or y = ux. By substituting the differential dy = u dx + x du into the 
last equation and gathering terms, we obtain a separable DE in the variables u and x: 
M(1, u) dx + N(1, u)[u dx + x du] = 0 
[M(1, u) + uN(1, u)] dx + xN(1, u) du = 0 
dx N(l, u) du 


Or t = 
x | M(l,u) + uN(l, u) 


At this point we offer the same advice as in the preceding sections: Do not memorize 
anything here (especially the last formula); rather, work through the procedure each 
time. The proof that the substitutions x = vy and dx = v dy + y dv also lead to a 
separable equation follows in an analogous manner from (3). 


| EXAMPLE 1 Solving a Homogeneous DE 


Solve (x? + y?) dx + (x? — xy) dy = 0. 


SOLUTION Inspection of M(x, y) = x? + y? and N(x, y) = x? — xy shows that 
these coefficients are homogeneous functions of degree 2. If we let y — ux, then 


"Here the word homogeneous does not mean the same as it did in Section 2.3. Recall that a linear first- 
order equation aj(x)y' + ao(x)y = g(x) is homogeneous when g(x) = 0. 
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dy = udx + x du, so after substituting, the given equation becomes 
(x? + ux’) dx + (X? — ux’)[udx + x du] = 0 
(1 + uw dx + 31 — u) du = 0 


1- 
Epo a 
+ 


0 


X 


lcu 
2 dx TE 
—] + — | du + — = 0. < long division 
lu X 


After integration the last line gives 


—u + 21n|1 + u| + In|x| = In|c] 


=" 4 »1n| Í + | + In|x| = In|c|. < resubstituting u = y/x 
X X 


Using the properties of logarithms, we can write the preceding solution as 


(x + yy 
CX 


y 


In =^ or (x + y)? = cxe™. H 
x 


Although either of the indicated substitutions can be used for every homoge- 
neous differential equation, in practice we try x — vy whenever the function M(x, y) 
is simpler than N(x, y). Also it could happen that after using one substitution, we may 
encounter integrals that are difficult or impossible to evaluate in closed form; switch- 
ing substitutions may result in an easier problem. 


BERNOULLI'S EQUATION The differential equation 


d 
v + Py = fy", (4) 
b s 


where n is any real number, is called Bernoulli's equation. Note that for n = 0 and 
n = 1, equation (4) is linear. For n # 0 and n + 1 the substitution  — y! " reduces 
any equation of form (4) to a linear equation. 


[ EXAMPLE 2 Solving a Bernoulli DE 


d 
Solve xc y = xy’. 
dx 


SOLUTION We first rewrite the equation as 


dy 1 
— + -y= 2 
dx x? m 


by dividing by x. With n = 2 we have u = y`! or y = u !. We then substitute 


D u`? an <— Chain Rule 


dx | dudx dx 


into the given equation and simplify. The result is 


M P 


FIGURE 2.5.1 Some solutions of 
y =x oT 


2.5 SOLUTIONS BY SUBSTITUTIONS e 73 


The integrating factor for this linear equation on, say, (0, ©) is 


"ELE ems ghx' x 
d 
Integrating —[x u]^ -1 
dx 
gives x lu = —x + coru = —x? + cx. Since u = y^ !, we have y = 1/u, so a solu- 
tion of the given equation is y = 1/(—x? + cx). a 


Note that we have not obtained the general solution of the original nonlinear dif- 
ferential equation in Example 2, since y = 0 is a singular solution of the equation. 


REDUCTION TO SEPARATION OF VARIABLES A differential equation of the 
form 


dy = f(Ax + By + C) (5) 
ax 


can always be reduced to an equation with separable variables by means of the sub- 
stitution u = Ax + By + C, B + 0. Example 3 illustrates the technique. 


l EXAMPLE 3 An Initial-Value Problem 


d 
Solve Ž = (—2x + y — 7, y(0) = 0. 
dx 


SOLUTION If we let u = —2x + y, then du/dx = —2 + dy/dx, so the differential 
equation is transformed into 


The last equation is separable. Using partial fractions 


du d 1 1 1 d d 
= dx Or u = dx 
(u — 3)(u + 3) 6,u-—3 ut+3 
and then integrating yields 
1 “= 3 u-—3 i "E T— 
gn m | =x+c or cr = g6xt6e = ce", replace e by c 


Solving the last equation for u and then resubstituting gives the solution 


3(1 + ce® 3(1 + ce 
a ee wena (6) 


1 — ce&* 1 — ce 

Finally, applying the initial condition y(0) = 0 to the last equation in (6) gives 

c = —]. Figure 2.5.1, obtained with the aid of a graphing utility, shows the graph of 
al =e" 

- i a in dark blue, along with the graphs of 
of 


some other members of the family of solutions (6). E 


the particular solution y = 2x + 
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EX E RC | S E S 2 . 5 Answers to selected odd-numbered problems begin on page ANS-2. 


Each DE in Problems 1—14 is homogeneous. 
In Problems 1-10 solve the given differential equation by 


using an appropriate substitution. 


1. (x — y)dx + xdy-0 2. (x + y)dx + xdy=0 


3. xdx + (y — 2x)dy = 0 4. y dx =2(x + y) dy 
5. (y? + yx) dx - x? dy = 0 

6. (y? + yx) dx + x? dy = 0 

EA a 

dx ytx 

g S. st» 

“dx 3x y 


9. —y dx + (x + Vy) dy =0 
dy 
10. x, =yt Vx —y, x0 
x 
In Problems 11—14 solve the given initial-value problem. 


d 
11. F =y- x, yl)=2 
x 


d 
12. (x? + 2y2) = =xy, y(-l)=1 

dy 
13. (x + ye") dx — xe"* dy 20, y(1)=0 
14. ydx + xInx — lny - Ddy 0, yd)=e 


Each DE in Problems 15—22 is a Bernoulli equation. 


In Problems 15—20 solve the given differential equation by 
using an appropriate substitution. 


15. x — + y= 
X y 


d 
17. = = yoy? — 1) 


dy 
= 18. x — — (1 + = xy? 
dx 8 up ( X)y — xy 


2 Von 


dy 
19. ¢ +y =t 20. 30 + A — = 2ty(y? — 1 
u’ y ( ) yly ) 


In Problems 21 and 22 solve the given initial-value problem. 


d 
21. T — Ixy = 3yf, y(D- H 


dy 2 
22. dien +y?=1, y(0)-4 


Each DE in Problems 23 —30 is of the form given in (5). 


In Problems 23—28 solve the given differential equation by 
using an appropriate substitution. 


d d lss 
23. Z= (e y 1? 24. Y= 
dx dx x+y 


dy 


dy 26. — = sin(x + y) 
dx 


25. 37 tan?(x + y) 


dy 


d 
I. = = 24-Vy= De #3 28. Z 
x 


dx 


= 1+ e745 


In Problems 29 and 30 solve the given initial-value problem. 
d 
29. d. = cos(x + y, y(0) = 7/4 
x 


dy 3x +2 
30. Z =- — 2 


— 7. y-D-2-1 
dx 3x+2y+2 xD 


Discussion Problems 


31. Explain why it is always possible to express any homoge- 
neous differential equation M(x, y) dx + N(x, y) dy = O in 


the form 
d 
dy _ r(2) 
dx X 


You might start by proving that 


M(x, y) = x*M(1, y/x) and N(x, y) = x*N(l, y/x). 


32. Put the homogeneous differential equation 
(5x? — 2y?) dx — xy dy =0 


into the form given in Problem 31. 


33. (a) Determine two singular solutions of the DE in 
Problem 10. 


(b) If the initial condition y(5) = 0 is as prescribed in 
Problem 10, then what is the largest interval J over 
which the solution is defined? Use a graphing util- 
ity to graph the solution curve for the IVP. 


34. In Example 3 the solution y(x) becomes unbounded as 
x — +o, Nevertheless, y(x) is asymptotic to a curve as 
x — — and to a different curve as x — oc. What are the 
equations of these curves? 


35. The differential equation dy/dx = P(x) + Q(x)y + Ry? 
is known as Riccati’s equation. 


(a) A Riccati equation can be solved by a succession 
of two substitutions provided that we know a 


particular solution y; of the equation. Show that the 
substitution y = y; + u reduces Riccati's equation 
to a Bernoulli equation (4) with n — 2. The 
Bernoulli equation can then be reduced to a linear 


equation by the substitution w = u  !. 


(b) Find a one-parameter family of solutions for the 
differential equation 


dy 4 1 
MM + 2 
dx x? "d * 


where y, = 2/xis a known solution of the equation. 


36. Determine an appropriate substitution to solve 


xy’ = y In(xy). 


Mathematical Models 


37. Falling Chain In Problem 45 in Exercises 2.4 we saw 


that a mathematical model for the velocity v of a chain 


38. 
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slipping off the edge of a high horizontal platform is 
dv 
— + v? = 32x. 
ui RÀ x 


In that problem you were asked to solve the DE by con- 
verting it into an exact equation using an integrating fac- 
tor. This time solve the DE using the fact that it is a 
Bernoulli equation. 


Population Growth In the study of population dy- 
namics one of the most famous models for a growing 
but bounded population is the logistic equation 


= P bP 

“au ), 
where a and b are positive constants. Although we 
will come back to this equation and solve it by an 
alternative method in Section 3.2, solve the DE this first 
time using the fact that it is a Bernoulli equation. 


2.6 


A NUMERICAL METHOD 


INTRODUCTION A first-order differential equation dy/dx = f(x, y) is a source of information. 
We started this chapter by observing that we could garner qualitative information from a first-order 
DE about its solutions even before we attempted to solve the equation. Then in Sections 2.2—2.5 we 
examined first-order DEs analytically —that is, we developed some procedures for obtaining explicit 
and implicit solutions. But a differential equation can a possess a solution yet we may not be able to 
obtain it analytically. So to round out the picture of the different types of analyses of differential 
equations, we conclude this chapter with a method by which we can "solve" the differential equa- 
tion numerically — this means that the DE is used as the cornerstone of an algorithm for approximat- 
ing the unknown solution. 

In this section we are going to develop only the simplest of numerical methods—a method that 
utilizes the idea that a tangent line can be used to approximate the values of a function in a small 
neighborhood of the point of tangency. A more extensive treatment of numerical methods for ordi- 
nary differential equations is given in Chapter 9. 


USING THE TANGENT LINE Let us assume that the first-order initial-value 
problem 


y = fe y. yao) = y (1) 


possesses a solution. One way of approximating this solution is to use tangent lines. 
For example, let y(x) denote the unknown solution of the first-order initial-value 
problem y' = 0.1Vy + 0.4x°, y(2) = 4. The nonlinear differential equation in 
this IVP cannot be solved directly by any of the methods considered in Sections 2.2, 
2.4, and 2.5; nevertheless, we can still find approximate numerical values of the 
unknown y(x). Specifically, suppose we wish to know the value of y(2.5). The IVP 
has a solution, and as the flow of the direction field of the DE in Figure 2.6.1(a) sug- 
gests, a solution curve must have a shape similar to the curve shown in blue. 

The direction field in Figure 2.6.1(a) was generated with lineal elements passing 
through points in a grid with integer coordinates. As the solution curve passes 
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solution curve 


slope = f(xo. yo) 


Lœ) 
— m l n 
Xo X1 = X9 +h x 


FIGURE 2.6.2 Approximating y(xi) 


using a tangent line 
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through the initial point (2, 4), the lineal element at this point is a tangent line with 
slope given by f(2, 4) = 0.1V4 + 0.4(2)? = 1.8. As is apparent in Figure 2.6.1(a) 
and the “zoom in” in Figure 2.6.1(b), when x is close to 2, the points on the solution 
curve are close to the points on the tangent line (the lineal element). Using the point 
(2, 4), the slope f(2, 4) = 1.8, and the point-slope form of a line, we find that an equa- 
tion of the tangent line is y = L(x), where L(x) = 1.8x + 0.4. This last equation, 
called a linearization of y(x) at x — 2, can be used to approximate values of y(x) 
within a small neighborhood of x = 2. If y = L(x) denotes the y-coordinate on the 
tangent line and y(xi) is the y-coordinate on the solution curve corresponding to an 
x-coordinate x; that is close to x = 2, then y(xj) = yı. If we choose, say, x; = 2.1, 
then y; = L(2.1) = 1.8(2.1) + 0.4 = 4.18, so y(2.1) ~ 4.18. 


— 
[ 4 -* 
gp a o 
HK = 
ab fy 
Á/ _w 
dua 
= 


(a) direction field for y = 0 


(b) lineal element 
at (2, 4) 


FIGURE 2.6.1 Magnification of a neighborhood about the point (2, 4) 


EULER’S METHOD To generalize the procedure just illustrated, we use the lin- 
earization of the unknown solution y(x) of (1) at x = xo: 


L(x) = yo + f(x, Yox — xo). (2) 


The graph of this linearization is a straight line tangent to the graph of y = y(x) at 
the point (xo, yo). We now let / be a positive increment of the x-axis, as shown in 
Figure 2.6.2. Then by replacing x by xı = xo + Ah in (2), we get 


L) = yo + fGo, yo)(xo + h — Xo) or yi = yo + Af, yj). 


where y, = L(xi). The point (xi, y1) on the tangent line is an approximation to the 
point (x1, y(x1)) on the solution curve. Of course, the accuracy of the approximation 
L(x1) = yOu) or y; ^ v(x;) depends heavily on the size of the increment h. Usually, 
we must choose this step size to be “reasonably small.” We now repeat the process 
using a second “tangent line" at (xi, y;)." By identifying the new starting point 
as (xj, yı) with (xo, yo) in the above discussion, we obtain an approximation 
y2 = y(x2) corresponding to two steps of length h from xo, that is, xo = xı + h = 
Xo + 2h, and 


YX) = y(x + 2h) = yy + h) & yy = yy + hf on, yy). 


Continuing in this manner, we see that y1, Y2, Y3, ..., can be defined recursively by 


the general formula 


= Yn F hf Qus Yn)» (3) 


where x, = xo + nh, n = 0, 1, 2,.... This procedure of using successive "tangent 
lines" is called Euler's method. 


Yn+1 


"This is not an actual tangent line, since (xi, y) lies on the first tangent and not on the solution curve. 


TABLE 2.1 h=0.1 
Xn Yn 
2.00 4.0000 
2.10 4.1800 
2.20 4.3768 
2.30 4.5914 
2.40 4.8244 
2.50 5.0768 
TABLE 2.2 ^ = 0.05 
Xn Yn 
2.00 4.0000 
2.05 4.0900 
2.10 4.1842 
2.15 4.2826 
2.20 4.3854 
2.25 4.4927 
2.30 4.6045 
2.35 4.7210 
2.40 4.8423 
2.45 4.9686 
2.50 5.0997 
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| EXAMPLE 1 Euler’s Method 


Consider the initial-value problem y' = 0.1 Vy + 0.432, y(2) = 4. Use Euler’s 
method to obtain an approximation of y(2.5) using first h = 0.1 and then h = 0.05. 


SOLUTION With the identification f(x, y) — 0.1 Vy + 0.42?, (3) becomes 
Ynti = Yn + A(O.1Vy, + 0.4x2). 
Then for A = 0.1, xo = 2, yo = 4, and n = 0 we find 
yi = yo + h(0.1 yg + 0.42) = 4 + 0.1(0.1-V4 + 0.4(2)?) = 4.18, 


which, as we have already seen, is an estimate to the value of y(2.1). However, if we 
use the smaller step size h = 0.05, it takes two steps to reach x = 2.1. From 


yı = 4 + 0.05(0.1 V4 + 0.4(2)) = 4.09 
y» = 4.09 + 0.05(0.1/4.09 + 0.4(2.05)?) = 4.18416187 


we have y; = y(2.05) and y2 = y(2.1). The remainder of the calculations were 
carried out by using software. The results are summarized in Tables 2.1 and 2.2, 
where each entry has been rounded to four decimal places. We see in Tables 2.1 and 
2.2 that it takes five steps with h = 0.1 and 10 steps with h = 0.05, respectively, to 
get to x = 2.5. Intuitively, we would expect that y;o = 5.0997 corresponding to 
h = 0.05 is the better approximation of y(2.5) than the value ys = 5.0768 corre- 
sponding to h = 0.1. a 


In Example 2 we apply Euler’s method to a differential equation for which we 
have already found a solution. We do this to compare the values of the approxima- 
tions y, at each step with the true or actual values of the solution y(x,,) of the initial- 
value problem. 


I EXAMPLE 2 Comparison of Approximate and Actual Values 


Consider the initial-value problem y' = 0.2xy, y(1) = 1. Use Euler's method to 
obtain an approximation of y(1.5) using first h = 0.1 and then h = 0.05. 


SOLUTION With the identification f(x, y) = 0.2xy, (3) becomes 


Yn+1 — Yn T h(0.2x, Yn) 


where xo = 1 and yọ = 1. Again with the aid of computer software we obtain the 
values in Tables 2.3 and 2.4. 


TABLE 2.4 h= 0.05 


Xp Yn Actual value Abs. error 96 Rel. error 
1.00 1.0000 1.0000 0.0000 0.00 
1.05 1.0100 1.0103 0.0003 0.03 
TABLE2.3 h=0.1 1.10 1.0206 1.0212 0.0006 0.06 
X. Yn Actual value Abs. error % Rel. error 115 1.0318 1.0328 0.0009 0.09 
1.20 1.0437 1.0450 0.0013 0.12 
1.00 1.0000 1.0000 0.0000 0.00 1.25 1.0562 1.0579 0.0016 0.16 
1.10 1.0200 1.0212 0.0012 0.12 1.30 1.0694 1.0714 0.0020 0.19 
1.20 1.0424 1.0450 0.0025 0.24 1.35 1.0833 1.0857 0.0024 0.22 
1.30 1.0675 1.0714 0.0040 0.37 1.40 1.0980 1.1008 0.0028 0.25 
1.40 1.0952 1.1008 0.0055 0.50 1.45 1.1133 1.1166 0.0032 0.29 
1.50 1.1259 1.1331 0.0073 0.64 1.50 1.1295 1.1331 0.0037 0.32 
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FIGURE 2.6.3 Comparison of the 
Runge-Kutta (RK4) and Euler methods 


In Example | the true or actual values were calculated from the known solution 
y = e, (Verify.) The absolute error is defined to be 


[actual value — approximation |. 


The relative error and percentage relative error are, in turn, 


absolute error absolute error 
—— — ad ~———— X 100. 
[actual value | | actual value | 


It is apparent from Tables 2.3 and 2.4 that the accuracy of the approximations 
improves as the step size h decreases. Also, we see that even though the percentage 
relative error is growing with each step, it does not appear to be that bad. But you 
should not be deceived by one example. If we simply change the coefficient of the 
right side of the DE in Example 2 from 0.2 to 2, then at x, = 1.5 the percentage 
relative errors increase dramatically. See Problem 4 in Exercises 2.6. 


A CAVEAT  Euler’s method is just one of many different ways in which a solution 
of a differential equation can be approximated. Although attractive for its simplic- 
ity, Euler's method is seldom used in serious calculations. It was introduced here 
simply to give you a first taste of numerical methods. We will go into greater detail 
in discussing numerical methods that give significantly greater accuracy, notably 
the fourth order Runge-Kutta method, referred to as the RK4 method, in 
Chapter 9. 


NUMERICAL SOLVERS Regardless of whether we can actually find an explicit 
or implicit solution, if a solution of a differential equation exists, it represents a 
smooth curve in the Cartesian plane. The basic idea behind any numerical method 
for first-order ordinary differential equations is to somehow approximate the 
y-values of a solution for preselected values of x. We start at a specified initial point 
(xo, yo) on a solution curve and proceed to calculate in a step-by-step fashion a 
sequence of points (xi, y1), (xo, Y2), .. . , (Xn, Yn) whose y-coordinates y; approxi- 
mate the y-coordinates y(x;) of points (x1, y(x1)), (x2, y (x2). . . ., Xn, Y(Xn)) that lie 
on the graph of the usually unknown solution y(x). By taking the x-coordinates 
close together (that is, for small values of A) and by joining the points (xi, yi). 
(X2, Y2), . .. , (Xn, Yn) With short line segments, we obtain a polygonal curve whose 
qualitative characteristics we hope are close to those of an actual solution curve. 
Drawing curves is something that is well suited to a computer. A computer program 
written to either implement a numerical method or render a visual representation of 
an approximate solution curve fitting the numerical data produced by this method 
is referred to as a numerical solver. Many different numerical solvers are commer- 
cially available, either embedded in a larger software package, such as a computer 
algebra system, or provided as a stand-alone package. Some software packages 
simply plot the generated numerical approximations, whereas others generate hard 
numerical data as well as the corresponding approximate or numerical solution 
curves. By way of illustration of the connect-the-dots nature of the graphs produced 
by a numerical solver, the two colored polygonal graphs in Figure 2.6.3 are the 
numerical solution curves for the initial-value problem y' = 0.2xy, y(0) = 1 on 
the interval [0, 4] obtained from Euler's method and the RK4 method using the 
step size h = 1. The blue smooth curve is the graph of the exact solution y = e^! 
of the IVP. Notice in Figure 2.6.3 that, even with the ridiculously large step size of 
h = 1, the RK4 method produces the more believable “solution curve.” The numer- 
ical solution curve obtained from the RK4 method is indistinguishable from the 
actual solution curve on the interval [0, 4] when a more typical step size of h = 0.1 
is used. 


N Ww A nD 
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FIGURE 2.6.4 A not very helpful 


numerical solution curve 
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USING A NUMERICAL SOLVER Knowledge of the various numerical methods 
is not necessary in order to use a numerical solver. A solver usually requires that the 
differential equation be expressed in normal form dy/dx = f(x, y). Numerical solvers 
that generate only curves usually require that you supply f(x, y) and the initial data xo 
and yo and specify the desired numerical method. If the idea is to approximate the nu- 
merical value of y(a), then a solver may additionally require that you state a value for 
h or, equivalently, give the number of steps that you want to take to get from x — xo 
to x — a. For example, if we wanted to approximate y(4) for the IVP illustrated in 
Figure 2.6.3, then, starting at x = O it would take four steps to reach x = 4 with a step 
size of h = 1; 40 steps is equivalent to a step size of h = 0.1. Although we will not 
delve here into the many problems that one can encounter when attempting to ap- 
proximate mathematical quantities, you should at least be aware of the fact that a nu- 
merical solver may break down near certain points or give an incomplete or mislead- 
ing picture when applied to some first-order differential equations in the normal 
form. Figure 2.6.4 illustrates the graph obtained by applying Euler's method to a cer- 
tain first-order initial-value problem dy/dx = f(x, y), y(0) = 1. Equivalent results 
were obtained using three different commercial numerical solvers, yet the graph is 
hardly a plausible solution curve. (Why?) There are several avenues of recourse 
when a numerical solver has difficulties; three of the more obvious are decrease the 
step size, use another numerical method, and try a different numerical solver. 


| | EXERCISES 2.6 


Answers to selected odd-numbered problems begin on page ANS-2. 


In Problems 1 and 2 use Euler's method to obtain a four- 
decimal approximation of the indicated value. Carry out the 
recursion of (3) by hand, first using h = 0.1 and then using 
h — 0.05. 


1. y' = 2x — 3y + Ly(1) = 5; 
2. y 2x c y’, y0) =0; y(02) 


»(1.2) 


In Problems 3 and 4 use Euler's method to obtain a four- 
decimal approximation of the indicated value. First use 
h = 0.1 and then use h = 0.05. Find an explicit solution for 
each initial-value problem and then construct tables similar to 
Tables 2.3 and 2.4. 


3. y = y, yO) = 1; 
4. y' = 2xy, y(1) = 1; 


x(1.0) 
y(1.5) 


In Problems 5-10 use a numerical solver and Euler's 
method to obtain a four-decimal approximation of the indi- 
cated value. First use h = 0.1 and then use h = 0.05. 


5. y =e, yO) = 0; y(0.5) 
6. y = x2 + y’, y(0) = 1; y(0.5) 
7. y! = (x - y), yO) = 0.5; y(0.5) 


8. y' 2 xy + Vy, y(0) = 1; y(0.5) 


9, y «x — Sy) = 1; y5) 


10. y' =y — y yO) = 0.5; y(0.5) 


In Problems 11 and 12 use a numerical solver to obtain a nu- 
merical solution curve for the given initial-value problem. 
First use Euler’s method and then the RK4 method. Use 
h = 0.25 in each case. Superimpose both solution curves on 
the same coordinate axes. If possible, use a different color 
for each curve. Repeat, using h = 0.1 and h = 0.05. 


11. y' = 2(cos x)y, 
12. y' = y(10 — 2y), 


y0) = 1 
y0) = 1 


Discussion Problems 


13. Use a numerical solver and Euler’s method to 
approximate y(1.0), where y(x) is the solution to 
y! = 2xy?, y(0) = 1. First use h = 0.1 and then use 
h = 0.05. Repeat, using the RK4 method. Discuss 
what might cause the approximations to y(1.0) to 
differ so greatly. 


Computer Lab Assignments 


14. (a) Use a numerical solver and the RK4 method to 
graph the solution of the initial-value problem 
y! = —2xy + 1, y(0) = 0. 
(b) Solve the initial-value problem by one of the 
analytic procedures developed earlier in this 
chapter. 


(c) Use the analytic solution y(x) found in part (b) 
and a CAS to find the coordinates of all relative 
extrema. 
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CHAPTER 2 IN REVIEW 


Answers to selected odd-numbered problems begin on page ANS-3. 


Answer Problems 1—4 without referring back to the text. Fill 
in the blanks or answer true or false. 


1. The linear DE, y’ — ky = A, where k and A are constants, 


is autonomous. The critical point... of the equa- 
tion is a(n) _________ (attractor or repeller) for k > 0 
and a(n) _______ (attractor or repeller) for k < 0. 


d 
2. The initial-value problem x E — 4y = 0, y(0) = k, has 
X 


an infinite number of solutions fork ——  — .— and 
no solution for k — 


3. The linear DE, y' + kıy = kọ, where kı and k are 
nonzero constants, always possesses a constant 
solution. 


4. The linear DE, a;(x)y’ + a»(x)y = 0 is also separable. 


In Problems 5 and 6 construct an autonomous first-order 
differential equation dy/dx — f(y) whose phase portrait is 
consistent with the given figure. 


5. 3 


FIGURE 2.R.2 Graph for Problem 6 


7. The number 0 is a critical point of the autonomous dif- 
ferential equation dx/dt — x", where n is a positive inte- 
ger. For what values of n is 0 asymptotically stable? 
Semi-stable? Unstable? Repeat for the differential equa- 
tion dx/dt = —x". 


8. Consider the differential equation dP/dt — f(P), where 
f(P) = -0.5P? — 1.7P + 34. 


The function f(P) has one real zero, as shown in 
Figure 2.R.3. Without attempting to solve the differen- 
tial equation, estimate the value of lim,_... P(t). 


10. 


FIGURE 2.R.3 Graph for Problem 8 


. Figure 2.R.4 is a portion of a direction field of a differ- 


ential equation dy/dx — f(x, y). By hand, sketch two 
different solution curves —one that is tangent to the lin- 
eal element shown in black and one that is tangent to the 
lineal element shown in color. 
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FIGURE 2.R.4 Portion of a direction field for Problem 9 


Classify each differential equation as separable, exact, 
linear, homogeneous, or Bernoulli. Some equations may 
be more than one kind. Do not solve. 


d i= d 1 
(a) Z (b) = = — 
dx x dx y-x 
(c) ( pps- + 10 diet. 
" dx * dx | x(x — y) 
dy y +y dy 
pic ers RM N f Ms = + 2 
(e) dx xx v dx y ty 


d 
(g) ydx=(y- xy) dy h) 2 = ye — x 


(i) xxyy +y? =2x (D 2xy y! + y? = 2x? 
(k) y dx +xdy=0 


(D (e + 2 dx = (3 — In x?) dy 
x 


d d - 
m) 2-424, m 59. + +r =0 
x y x x^ dx 


In Problems 11—18 solve the given differential equation. 


11. 
12. 


13. 


14. 


15. 


16. 
17. 
18. 


(y? + 1) dx = y se x dy 


y(n x — In y) dx = (xInx — x ln y — y) dy 


d 

(6x + Dy + 3x2 + 2y3 20 
dx 

dx Ay! + 6xy 

dy 3y? + 2x 


dQ 
t—+Q=f'lnt 
dt Q " 


(2x+y+1)y'=1 
(x? + 4) dy = (2x — 8xy) dx 


(2r? cos 0 sin 0 + r cos 0) d0 
+ (4r + sin 0 — 2r cos? 0) dr = 0 


In Problems 19 and 20 solve the given initial-value problem 
and give the largest interval / on which the solution is defined. 


19. 


20. 


21. 


22. 


23. 


d 7 
sin x 2 + (cosx)y = 0, y (=) = -2 
dx 6 


d 
qt At + Dy? =0, yO) =~ 


(a) Without solving, explain why the initial-value 
problem 


dy 

d Vy, y(%o) = Yo 
has no solution for yo < 0. 

(b) Solve the initial-value problem in part (a) for 
yo > 0 and find the largest interval J on which the 
solution is defined. 


(a) Find an implicit solution of the initial-value problem 


d 7 Am 
X2) T yay = -v2. 
xy 


(b) Find an explicit solution of the problem in part (a) and 
give the largest interval J over which the solution is 
defined. A graphing utility may be helpful here. 


Graphs of some members of a family of solutions for a 
first-order differential equation dy/dx = f(x, y) are 
shown in Figure 2.R.5. The graphs of two implicit 
solutions, one that passes through the point (1, —1) and 
one that passes through (—1, 3), are shown in red. 
Reproduce the figure on a piece of paper. With colored 
pencils trace out the solution curves for the solutions 
y = y(x) and y = y2(x) defined by the implicit solu- 
tions such that y;(1) = —1 and yo(— 1) = 3, respectively. 
Estimate the intervals on which the solutions y = yi(x) 
and y = y»(x) are defined. 
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=Y 


FIGURE 2.R.5 Graph for Problem 23 


24. Use Euler’s method with step size h = 0.1 to approxi- 
mate y(1.2), where y(x) is a solution of the initial-value 
problem y’ = 1 + xVy, y(1) = 9. 


In Problems 25 and 26 each figure represents a portion of a 
direction field of an autonomous first-order differential equa- 
tion dy/dx = f(y). Reproduce the figure on a separate piece 
of paper and then complete the direction field over the grid. 
The points of the grid are (mh, nh), where h = 1, m and n 
integers, —7 S m S 7, —7 X n x 7. In each direction field, 
sketch by hand an approximate solution curve that passes 
through each of the solid points shown in red. Discuss: Does 
it appear that the DE possesses critical points in the interval 
—3.5 = y x 3.5? If so, classify the critical points as asymp- 
totically stable, unstable, or semi-stable. 
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FIGURE 2.R.6 Portion of a direction field for Problem 25 
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FIGURE 2.R.7 Portion of a direction field for Problem 26 
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3.1 Linear Models 

3.2 Nonlinear Models 

3.3 Modeling with Systems of First-Order DEs 
CHAPTER 3 IN REVIEW 


= 


In Section 1.3 we saw how a first-order differential equation could be used as a 
mathematical model in the study of population growth, radioactive decay, 
continuous compound interest, cooling of bodies, mixtures, chemical reactions, 
fluid draining from a tank, velocity of a falling body, and current in a series circuit. 
Using the methods of Chapter 2, we are now able to solve some of the linear DEs 
(Section 3.1) and nonlinear DEs (Section 3.2) that commonly appear in 
applications. The chapter concludes with the natural next step: In Section 3.3 we 
examine how systems of first-order DEs can arise as mathematical models in 
coupled physical systems (for example, a population of predators such as foxes 


interacting with a population of prey such as rabbits). 
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3.1 LINEAR MODELS 


P(t) = Pp 294055 


FIGURE 3.1.1 Time in which 


population triples 


INTRODUCTION 
introduced in Section 1.3. 


REVIEW MATERIAL 


* A differential equation as a mathematical model in Section 1.3 
* Reread "Solving a Linear First-Order Equation" on page 55 in Section 2.3 


In this section we solve some of the linear first-order models that were 


GROWTH AND DECAY The initial-value problem 

z = kx, x(tg) = Xo, (1) 
where k is a constant of proportionality, serves as a model for diverse phenomena in- 
volving either growth or decay. We saw in Section 1.3 that in biological applications 
the rate of growth of certain populations (bacteria, small animals) over short periods 
of time is proportional to the population present at time t. Knowing the population 
at some arbitrary initial time tọ, we can then use the solution of (1) to predict the 
population in the future —that is, at times f > fo. The constant of proportionality k 
in (1) can be determined from the solution of the initial-value problem, using a sub- 
sequent measurement of x at a time f, > fo. In physics and chemistry (1) is seen in 
the form of a first-order reaction —that is, a reaction whose rate, or velocity, dx/df 
is directly proportional to the amount x of a substance that is unconverted or remain- 
ing at time t. The decomposition, or decay, of U-238 (uranium) by radioactivity into 
Th-234 (thorium) is a first-order reaction. 


| EXAMPLE 1 Bacterial Growth 


A culture initially has Po number of bacteria. Att = 1 h the number of bacteria is mea- 
sured to be 2 P, If the rate of growth is proportional to the number of bacteria P(t) pre- 
sent at time f, determine the time necessary for the number of bacteria to triple. 


SOLUTION We first solve the differential equation in (1), with the symbol x replaced 
by P. With tọ = 0 the initial condition is P(0) = Po. We then use the empirical obser- 
vation that P(1) — 3Po to determine the constant of proportionality k. 
Notice that the differential equation dP/dt = kP is both separable and linear. 

When it is put in the standard form of a linear first-order DE, 

iP. ice 

dt ' 
we can see by inspection that the integrating factor is e "^. Multiplying both sides of 
the equation by this term and integrating gives, in turn, 


d 
d [e *P] = 0 and e "P =c. 


Therefore P(t) = ce". At t = 0 it follows that Py = ce? = c, so P(t) = Poe". At 

t=1 we have 3P)= Pye or e =3. From the last equation we get 

k — In ; = 0.4055, so P(t) = Poe? 5! To find the time at which the number of bac- 

teria has tripled, we solve 3P, = Pge9^055t for t. It follows that 0.4055t = In 3, or 
In 3 


t= = 2.7] h. 
0.4055 


See Figure 3.1.1. a 
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FIGURE 3.1.2 Growth (k > 0) and 
decay (k < 0) 


Notice in Example 1 that the actual number Po of bacteria present at time t = 0 
played no part in determining the time required for the number in the culture to triple. 
The time necessary for an initial population of, say, 100 or 1,000,000 bacteria to 
triple is still approximately 2.71 hours. 

As shown in Figure 3.1.2, the exponential function e" increases as t increases for 
k > 0 and decreases as ft increases for k < 0. Thus problems describing growth 
(whether of populations, bacteria, or even capital) are characterized by a positive 
value of k, whereas problems involving decay (as in radioactive disintegration) yield 
a negative k value. Accordingly, we say that k is either a growth constant (k > 0) or 
a decay constant (k < 0). 


HALF-LIFE In physics the half-life is a measure of the stability of a radioactive 
substance. The half-life is simply the time it takes for one-half of the atoms in an 
initial amount Ag to disintegrate, or transmute, into the atoms of another element. 
The longer the half-life of a substance, the more stable it is. For example, the half- 
life of highly radioactive radium, Ra-226, is about 1700 years. In 1700 years one- 
half of a given quantity of Ra-226 is transmuted into radon, Rn-222. The most 
commonly occurring uranium isotope, U-238, has a half-life of approximately 
4,500,000,000 years. In about 4.5 billion years, one-half of a quantity of U-238 is 
transmuted into lead, Pb-206. 


| EXAMPLE 2 Half-Life of Plutonium 


A breeder reactor converts relatively stable uranium 238 into the isotope plutonium 
239. After 15 years it is determined that 0.043% of the initial amount Aọ of pluto- 
nium has disintegrated. Find the half-life of this isotope if the rate of disintegration is 
proportional to the amount remaining. 


SOLUTION Let A(t) denote the amount of plutonium remaining at time t. As in 
Example 1 the solution of the initial-value problem 


EN kA, A(00—A 

di > A0) = Ao 
is A(t) = Age". If 0.043% of the atoms of Ag have disintegrated, then 99.957% of the 
substance remains. To find the decay constant k, we use 0.99957A = A(15) —that is, 
0.99957A, = Age!*. Solving for k then gives k = T In 0.99957 = —0.00002867. 
Hence A(t) = Age 000907567 Now the half-life is the corresponding value of time at 
which A(t) = 5A,. Solving for t gives ; Ag = Age 0090028671, or } = 70000028675 The 
last equation yields 


In 2 


f = 9.00002867 ^ 7180" z 
CARBON DATING About 1950 the chemist Willard Libby devised a method of 
using radioactive carbon as a means of determining the approximate ages of fossils. 
The theory of carbon dating is based on the fact that the isotope carbon 14 is pro- 
duced in the atmosphere by the action of cosmic radiation on nitrogen. The ratio of 
the amount of C-14 to ordinary carbon in the atmosphere appears to be a constant, 
and as a consequence the proportionate amount of the isotope present in all living 
organisms is the same as that in the atmosphere. When an organism dies, the 
absorption of C-14, by either breathing or eating, ceases. Thus by comparing the pro- 
portionate amount of C-14 present, say, in a fossil with the constant ratio found in the 
atmosphere, it is possible to obtain a reasonable estimation of the fossil’s age. The 
method is based on the knowledge that the half-life of radioactive C-14 is 
approximately 5600 years. For his work Libby won the Nobel Prize for chemistry in 
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1960. Libby’s method has been used to date wooden furniture in Egyptian tombs, the 
woven flax wrappings of the Dead Sea scrolls, and the cloth of the enigmatic shroud 
of Turin. 


l EXAMPLE 3 Age of a Fossil 


A fossilized bone is found to contain one-thousandth of the C-14 level found in liv- 
ing matter. Estimate the age of the fossil. 


SOLUTION The starting point is again A(t) = Ape". To determine the value of 
the decay constant k, we use the fact that 1Ao — A(5600) or 140 = Ape? From 
5600k = In 1 = —]n 2 we then get k = —(In 2)/5600 = —0.00012378. Therefore 
A(t) = Age 090012778, With A(r) = w040 we have 799540 = Age 000012378, so 
—0.000123781 = In +, = —In 1000. Thus the age of the fossil is about 


1000 
In 1000 


f = 990012378 800" a 

The age found in Example 3 is really at the border of accuracy for this method. 
The usual carbon-14 technique is limited to about 9 half-lives of the isotope, or about 
50,000 years. One reason for this limitation is that the chemical analysis needed to 
obtain an accurate measurement of the remaining C-14 becomes somewhat formida- 
ble around the point of Uu Ao. Also, this analysis demands the destruction of a rather 
large sample of the specimen. If this measurement is accomplished indirectly, based 
on the actual radioactivity of the specimen, then it is very difficult to distinguish 
between the radiation from the fossil and the normal background radiation.” But 
recently, the use of a particle accelerator has enabled scientists to separate C- 14 from 
stable C-12 directly. When the precise value of the ratio of C-14 to C-12 is computed, 
the accuracy of this method can be extended to 70,000— 100,000 years. Other iso- 
topic techniques such as using potassium 40 and argon 40 can give ages of several 
million years.’ Nonisotopic methods based on the use of amino acids are also some- 
times possible. 


NEWTON'S LAW OF COOLING/WARMING In equation (3) of Section 1.3 we 
saw that the mathematical formulation of Newton's empirical law of cooling/warming 
of an object is given by the linear first-order differential equation 


aT 

— — REI Tied (2) 
dt 

where k is a constant of proportionality, T(f) is the temperature of the object for t > 0, 

and T, is the ambient temperature — that is, the temperature of the medium around the 

object. In Example 4 we assume that T, is constant. 


[ EXAMPLE 4 Cooling of a Cake 


When a cake is removed from an oven, its temperature is measured at 300° F. Three 
minutes later its temperature is 200? F. How long will it take for the cake to cool off 
to a room temperature of 70° F? 


"The number of disintegrations per minute per gram of carbon is recorded by using a Geiger counter. 
The lower level of detectability is about 0.1 disintegrations per minute per gram. 

"Potassium-argon dating is used in dating terrestrial materials such as minerals, rocks, and lava and 
extraterrestrial materials such as meteorites and lunar rocks. The age of a fossil can be estimated by 
determining the age of the rock stratum in which it was found. 
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TA 
300 
150 KO T=70 
15 30 d 
(a) 
T(t) t (min) 
75° 20.1 
74° 21.3 
73° 22.8 
qos 24.9 
71° 28.6 
70.5° 32.3 
(b) 


FIGURE 3.1.3 Temperature of cooling 
cake approaches room temperature 


SOLUTION In (2) we make the identification T„ = 70. We must then solve the 
initial-value problem 
aT 
di — k(T — 70), T(0) = 300 (3) 
and determine the value of k so that 7(3) — 200. 
Equation (3) is both linear and separable. If we separate variables, 


yields In |T = 70| = kt + cy, and so T= 70 + ce. When t= 0, T = 300, so 
300 = 70 + c» gives c» = 230; therefore T = 70 + 230e*, Finally, the measurement 
T(3) = 200 leads to &* = S, or k = iln = —0.19018. Thus 


T(t) = 70 + 230e-919018r (4) 


We note that (4) furnishes no finite solution to T(t) = 70, since lim, T(t) = 70. 
Yet we intuitively expect the cake to reach room temperature after a reasonably long 
period of time. How long is “long”? Of course, we should not be disturbed by the fact 
that the model (3) does not quite live up to our physical intuition. Parts (a) and (b) of 
Figure 3.1.3 clearly show that the cake will be approximately at room temperature in 
about one-half hour. a 


The ambient temperature in (2) need not be a constant but could be a function 
T(t) of time t. See Problem 18 in Exercises 3.1. 


MIXTURES The mixing of two fluids sometimes gives rise to a linear first-order 
differential equation. When we discussed the mixing of two brine solutions in 
Section 1.3, we assumed that the rate A'(f) at which the amount of salt in the mixing 
tank changes was a net rate: 


dA 
di = (input rate of salt) — (output rate of salt) = Ri, — Rou (5) 


In Example 5 we solve equation (8) of Section 1.3. 


I EXAMPLE 5  Mixture of Two Salt Solutions 


Recall that the large tank considered in Section 1.3 held 300 gallons of a brine 
solution. Salt was entering and leaving the tank; a brine solution was being pumped 
into the tank at the rate of 3 gal/min; it mixed with the solution there, and then the 
mixture was pumped out at the rate of 3 gal/min. The concentration of the salt 
in the inflow, or solution entering, was 2 lb/gal, so salt was entering the tank at the 
rate Rin = (2 lb/gal) + (3 gal/min) = 6 Ib/min and leaving the tank at the rate Rou = 
(A/300 Ib/gal) - (3 gal/min) = A/100 Ib/min. From this data and (5) we get equa- 
tion (8) of Section 1.3. Let us pose the question: If 50 pounds of salt were dissolved 
initially in the 300 gallons, how much salt is in the tank after a long time? 


SOLUTION To find the amount of salt A(t) in the tank at time ¢, we solve the initial- 
value problem 

LOT er A(0) = 50 

dt 100 ' ` 
Note here that the side condition is the initial amount of salt A(0) = 50 in the tank 
and not the initial amount of liquid in the tank. Now since the integrating factor of the 


A = 600 
m 
(a) 
f (min) A (Ib) 
50 266.41 
100 397.67 
150 477.27 
200 525.57 
300 572.62 
400 589.93 
(b) 


FIGURE 3.1.4 Pounds of salt in tank 


as a function of time t 


©) 


L 


WH — 


FIGURE 3.1.5 LR series circuit 
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FIGURE 3.1.6 RC series circuit 


C 


3.1 LINEAR MODELS e 87 


1/100 


linear differential equation is e", we can write the equation as 


d 
eee, [eA] = 667/100. 
dt 


Integrating the last equation and solving for A gives the general solution 
A(t) = 600 + ce "9 When t = 0, A = 50, so we find that c = —550. Thus the 
amount of salt in the tank at time f is given by 


A(t) = 600 — 550e "100 (6) 


The solution (6) was used to construct the table in Figure 3.1.4(b). Also, it can be 
seen from (6) and Figure 3.1.4(a) that A(t) — 600 as t — ~. Of course, this is what 
we would intuitively expect; over a long time the number of pounds of salt in the 
solution must be (300 gal)(2 Ib/gal) = 600 Ib. [| 


In Example 5 we assumed that the rate at which the solution was pumped in was 
the same as the rate at which the solution was pumped out. However, this need not be 
the case; the mixed brine solution could be pumped out at a rate Fout that is faster 
or slower than the rate rin at which the other brine solution is pumped in. For example, 
if the well-stirred solution in Example 5 is pumped out at a slower rate of, say, 
You = 2 gal/min, then liquid will accumulate in the tank at the rate of 
Yin — Tou = (3 — 2) gal/min = 1 gal/min. After t minutes, (1 gal/min) * (t min) = t gal 
will accumulate, so the tank will contain 300 + t gallons of brine. The con- 
centration of the outflow is then c(f) = A/(300 + f), and the output rate of salt is 
Rout = c(t) * Fout, OF 


R - (tw ) Geane Id 
ot NSO s EM — BORE 


Hence equation (5) becomes 


dA 2A dA 2 


——6-— Or + A 
dt 300 + t dt 300+ ft 


You should verify that the solution of the last equation, subject to A(0) = 50, is 
A(t) = 600 + 2t — (4.95 x 107)(300 + 1) ?. See the discussion following (8) of 
Section 1.3, Problem 12 in Exercises 1.3, and Problems 25-28 in Exercises 3.1. 


SERIES CIRCUITS For a series circuit containing only a resistor and an inductor, 
Kirchhoff's second law states that the sum of the voltage drop across the inductor 
(L(di /dt)) and the voltage drop across the resistor (iR) is the same as the impressed 
voltage (E(t)) on the circuit. See Figure 3.1.5. 

Thus we obtain the linear differential equation for the current i(t), 


+e E(t) (7) 
9 LH c HM. 
dt 


where L and R are constants known as the inductance and the resistance, respectively. 
The current i(t) is also called the response of the system. 

The voltage drop across a capacitor with capacitance C is given by q4(t)/C, 
where q is the charge on the capacitor. Hence, for the series circuit shown in 
Figure 3.1.6, Kirchhoff's second law gives 


1 
Ri + —q = EW. 8 
pvo EO (8) 
But current i and charge q are related by i — dq/dt, so (8) becomes the linear differ- 


ential equation 


TRAR (9) 
d. 6 i 
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FIGURE 3.1.7 Population growth is a 
discrete process 


l EXAMPLE 6 Series Circuit 


A 12-volt battery is connected to a series circuit in which the inductance is 1 henry 
and the resistance is 10 ohms. Determine the current i if the initial current is zero. 


SOLUTION From (7) we see that we must solve 


1 di . 
z — 10i = 12, 
2 dt 


subject to i(0) = 0. First, we multiply the differential equation by 2 and read off the 
integrating factor e?"', We then obtain 


d 
g El = 24e. 


Integrating each side of the last equation and solving for i gives i(f) — £ + ce ™, 


Now i(0) =0 implies that 0-24 c or c= -$. Therefore the response is 


i=j, m 
From (4) of Section 2.3 we can write a general solution of (7): 


e —(R/L)t 


i(t) = f eRMIE(t) dt + ce RM, (10) 


In particular, when E(t) = Eo is a constant, (10) becomes 
E, 
it) = = ce Ub (11) 


Note that as t — co, the second term in equation (11) approaches zero. Such a term is 
usually called a transient term; any remaining terms are called the steady-state part 
of the solution. In this case Eo/R is also called the steady-state current; for large 
values of time it appears that the current in the circuit is simply governed by Ohm's 
law (E = iR). 


| REMARKS 


The solution P(t) = Poe? ^95* of the initial-value problem in Example 1 
described the population of a colony of bacteria at any time t > 0. Of course, 
P(t) is a continuous function that takes on all real numbers in the interval 
Po S P < c. But since we are talking about a population, common sense 
dictates that P can take on only positive integer values. Moreover, we would 
not expect the population to grow continuously — that is, every second, every 
microsecond, and so on—as predicted by our solution; there may be inter- 
vals of time [f;, t2] over which there is no growth at all. Perhaps, then, the 
graph shown in Figure 3.1.7(a) is a more realistic description of P than is 
the graph of an exponential function. Using a continuous function to 
describe a discrete phenomenon is often more a matter of convenience than 
of accuracy. However, for some purposes we may be satisfied if our model 
describes the system fairly closely when viewed macroscopically in time, 
as in Figures 3.1.7(b) and 3.1.7(c), rather than microscopically, as in 
Figure 3.1.7(a). 
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EXERCISES 3.1 


Answers to selected odd-numbered problems begin on page ANS-3. 


Growth and Decay 


1. 


10. 


The population of a community is known to increase at 
a rate proportional to the number of people present 
at time f. If an initial population Po has doubled in 
5 years, how long will it take to triple? To quadruple? 


. Suppose it is known that the population of the commu- 


nity in Problem 1 is 10,000 after 3 years. What was the 
initial population P9? What will be the population in 
10 years? How fast is the population growing at t = 10? 


. The population of a town grows at a rate proportional to 


the population present at time t. The initial population 
of 500 increases by 15% in 10 years. What will be the 
population in 30 years? How fast is the population 
growing at f = 30? 


. The population of bacteria in a culture grows at a rate 


proportional to the number of bacteria present at time f. 
After 3 hours it is observed that 400 bacteria are present. 
After 10 hours 2000 bacteria are present. What was the 
initial number of bacteria? 


. The radioactive isotope of lead, Pb-209, decays at a rate 


proportional to the amount present at time f and has a half- 
life of 3.3 hours. If 1 gram of this isotope is present ini- 
tially, how long will it take for 9096 of the lead to decay? 


. Initially 100 milligrams of a radioactive substance was 


present. After 6 hours the mass had decreased by 3%. If 
the rate of decay is proportional to the amount of the 
substance present at time f, find the amount remaining 
after 24 hours. 


. Determine the half-life of the radioactive substance 


described in Problem 6. 


. (a) Consider the initial-value problem dA/dt = kA, 


A(0) = Ao as the model for the decay of a radioac- 
tive substance. Show that, in general, the half-life T 
of the substance is T = —(In 2)/k. 

(b) Show that the solution of the initial-value problem 
in part (a) can be written A(t) = Ag2. "T, 

(c) If a radioactive substance has the half-life T given 
in part (a), how long will it take an initial amount Ao 
of the substance to decay to tA? 


. When a vertical beam of light passes through a trans- 


parent medium, the rate at which its intensity 7 
decreases is proportional to Z(t), where t represents the 
thickness of the medium (in feet). In clear seawater, 
the intensity 3 feet below the surface is 25% of the initial 
intensity /o of the incident beam. What is the intensity of 
the beam 15 feet below the surface? 


When interest is compounded continuously, the amount 
of money increases at a rate proportional to the amount 


S present at time f, that is, dS/dt = rS, where r is the 

annual rate of interest. 

(a) Find the amount of money accrued at the end of 
5 years when $5000 is deposited in a savings 
account drawing 53% annual interest compounded 
continuously. 

(b) In how many years will the initial sum deposited 
have doubled? 

(c) Use a calculator to compare the amount obtained in 
part (a) with the amount 5 = 5000(1 + $(0.0575))° 
that is accrued when interest is compounded 
quarterly. 


Carbon Dating 


11. 


12. 


Archaeologists used pieces of burned wood, or char- 
coal, found at the site to date prehistoric paintings and 
drawings on walls and ceilings of a cave in Lascaux, 
France. See Figure 3.1.8. Use the information on page 84 
to determine the approximate age of a piece of burned 
wood, if it was found that 85.5% of the C-14 found in 
living trees of the same type had decayed. 


Image not available due to copyright restrictions 


The shroud of Turin, which shows the negative image of 
the body of a man who appears to have been crucified, is 
believed by many to be the burial shroud of Jesus of 
Nazareth. See Figure 3.1.9. In 1988 the Vatican granted 
permission to have the shroud carbon-dated. Three inde- 
pendent scientific laboratories analyzed the cloth and 
concluded that the shroud was approximately 660 years 
old,” an age consistent with its historical appearance. 


Image not available due to copyright restrictions 


“Some scholars have disagreed with this finding. For more information on 
this fascinating mystery see the Shroud of Turin home page at 
http://www.shroud.com/. 
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Using this age, determine what percentage of the origi- 
nal amount of C-14 remained in the cloth as of 1988. 


Newton’s Law of Cooling/Warming 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


A thermometer is removed from a room where the 
temperature is 70° F and is taken outside, where the air 
temperature is 10° F. After one-half minute the ther- 
mometer reads 50° F. What is the reading of the ther- 
mometer at t = 1 min? How long will it take for the 
thermometer to reach 15° F? 


A thermometer is taken from an inside room to the out- 
side, where the air temperature is 5° F. After 1 minute 
the thermometer reads 55° F, and after 5 minutes it 
reads 30° F. What is the initial temperature of the inside 
room? 


A small metal bar, whose initial temperature was 20° C, 
is dropped into a large container of boiling water. How 
long will it take the bar to reach 90° C if it is known that 
its temperature increases 2° in | second? How long will it 
take the bar to reach 98° C? 


Two large containers A and B of the same size are filled 
with different fluids. The fluids in containers A and B 
are maintained at 0° C and 100° C, respectively. A small 
metal bar, whose initial temperature is 100° C, is low- 
ered into container A. After | minute the temperature 
of the bar is 90° C. After 2 minutes the bar is removed 
and instantly transferred to the other container. After 
1 minute in container B the temperature of the bar rises 
10°. How long, measured from the start of the entire 
process, will it take the bar to reach 99.9° C? 


A thermometer reading 70°F is placed in an oven 
preheated to a constant temperature. Through a glass 
window in the oven door, an observer records that the 
thermometer reads 110? F after A minute and 145° F 
after 1 minute. How hot is the oven? 


At t=0 a sealed test tube containing a chemical is 

immersed in a liquid bath. The initial temperature of 

the chemical in the test tube is 80° F. The liquid bath 
has a controlled temperature (measured in degrees 

Fahrenheit) given by T,,(t) = 100 — 40e 9^, t= Q, 

where t is measured in minutes. 

(a) Assume that k = —0.1 in (2). Before solving the 
IVP, describe in words what you expect the temper- 
ature 7(f) of the chemical to be like in the short 
term. In the long term. 


(b) Solve the initial-value problem. Use a graphing util- 
ity to plot the graph of T(t) on time intervals of var- 
ious lengths. Do the graphs agree with your 
predictions in part (a)? 


A dead body was found within a closed room of a house 
where the temperature was a constant 70? F. At the time 
of discovery the core temperature of the body was 
determined to be 85? F. One hour later a second mea- 


20. 


surement showed that the core temperature of the body 
was 80? F. Assume that the time of death corresponds to 
t — 0 and that the core temperature at that time was 
98.6? F. Determine how many hours elapsed before the 
body was found. [Hint: Let t; > 0 denote the time that 
the body was discovered.] 


The rate at which a body cools also depends on its 
exposed surface area S. If S is a constant, then a modifi- 
cation of (2) is 


dT OST — T,) 
dt e 


where k < 0 and T, is a constant. Suppose that two cups 
A and B are filled with coffee at the same time. Initially, 
the temperature of the coffee is 150? F. The exposed 
surface area of the coffee in cup B is twice the surface 
area of the coffee in cup A. After 30 min the temperature 
of the coffee in cup A is 100? F. If Tm = 70? F, then what 
is the temperature of the coffee in cup B after 30 min? 


Mixtures 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


A tank contains 200 liters of fluid in which 30 grams of 
salt is dissolved. Brine containing 1 gram of salt per liter 
is then pumped into the tank at a rate of 4 L/min; the 
well-mixed solution is pumped out at the same rate. Find 
the number A(t) of grams of salt in the tank at time t. 


Solve Problem 21 assuming that pure water is pumped 
into the tank. 


A large tank is filled to capacity with 500 gallons of pure 
water. Brine containing 2 pounds of salt per gallon is 
pumped into the tank at a rate of 5 gal/min. The well- 
mixed solution is pumped out at the same rate. Find the 
number A(t) of pounds of salt in the tank at time f. 


In Problem 23, what is the concentration c(t) of the salt 
in the tank at time t? At t = 5 min? What is the concen- 
tration of the salt in the tank after a long time, that is, as 
t — o? At what time is the concentration of the salt in 
the tank equal to one-half this limiting value? 


Solve Problem 23 under the assumption that the solu- 
tion is pumped out at a faster rate of 10 gal/min. When 
is the tank empty? 


Determine the amount of salt in the tank at time ¢ in 
Example 5 if the concentration of salt in the inflow is 
variable and given by c;,(t) = 2 + sin(t/4) Ib/gal. 
Without actually graphing, conjecture what the solution 
curve of the IVP should look like. Then use a graphing 
utility to plot the graph of the solution on the interval 
[0, 300]. Repeat for the interval [0, 600] and compare 
your graph with that in Figure 3.1.4(a). 


A large tank is partially filled with 100 gallons of fluid 
in which 10 pounds of salt is dissolved. Brine containing 


28. 


; pound of salt per gallon is pumped into the tank at a rate 
of 6 gal/min. The well-mixed solution is then pumped 
out at a slower rate of 4 gal/min. Find the number of 
pounds of salt in the tank after 30 minutes. 


In Example 5 the size of the tank containing the salt 
mixture was not given. Suppose, as in the discussion 
following Example 5, that the rate at which brine is 
pumped into the tank is 3 gal/min but that the well- 
stirred solution is pumped out at a rate of 2 gal/min. It 
stands to reason that since brine is accumulating in the 
tank at the rate of 1 gal/min, any finite tank must even- 
tually overflow. Now suppose that the tank has an open 
top and has a total capacity of 400 gallons. 


(a) When will the tank overflow? 


(b) What will be the number of pounds of salt in the 
tank at the instant it overflows? 


(c) Assume that although the tank is overflowing, brine 
solution continues to be pumped in at a rate of 
3 gal/min and the well-stirred solution continues to 
be pumped out at a rate of 2 gal/min. Devise a 
method for determining the number of pounds of 
salt in the tank at t = 150 minutes. 


(d) Determine the number of pounds of salt in the tank as 
t — cc. Does your answer agree with your intuition? 

(e) Use a graphing utility to plot the graph of A(t) on 
the interval [0, 500). 


Series Circuits 


29. 


30. 


31. 


32. 


33. 


A 30-volt electromotive force is applied to an LR series 
circuit in which the inductance is 0.1 henry and the 
resistance is 50 ohms. Find the current i(t) if i(0) = 0. 
Determine the current as t — oo. 


Solve equation (7) under that 


E(t) = Eo sin wt and i(0) = io. 


the assumption 


A 100-volt electromotive force is applied to an RC 
series circuit in which the resistance is 200 ohms and 
the capacitance is 10 ^ farad. Find the charge q(t) on the 
capacitor if q(0) = 0. Find the current i(t). 


A 200-volt electromotive force is applied to an RC series 
circuit in which the resistance is 1000 ohms and the 
capacitance is 5 X 10~° farad. Find the charge q(?) on the 
capacitor if i(0) — 0.4. Determine the charge and current 
at f = 0.005 s. Determine the charge as t — oc. 


An electromotive force 


120, 0=t=20 
E(t) = 
0, t > 20 


is applied to an LR series circuit in which the inductance 
is 20 henries and the resistance is 2 ohms. Find the 
current i(f) if i(0) = 0. 


34. 
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Suppose an RC series circuit has a variable resistor. If the 
resistance at time fis given by R = kı + kot, where k, and 
k, are known positive constants, then (9) becomes 


ix fg qum 
di n cl 


If E(f) = Eo and q(0)-— qo, where Eo and qo are 
constants, show that 


( kı D 
t) = EC + — EC A 
qt) 0 (qo oC) ky + Kot 


Additional Linear Models 


35. 


36. 


Air Resistance In (14) of Section 1.3 we saw that 
a differential equation describing the velocity v of a 
falling mass subject to air resistance proportional to the 
instantaneous velocity is 


v 
m — = mg — kv, 

dt s 
where k 0 is a constant of proportionality. The 
positive direction is downward. 


(a) Solve the equation subject to the initial condition 
v(0) — vo. 

(b) Use the solution in part (a) to determine the limit- 
ing, or terminal, velocity of the mass. We saw how 
to determine the terminal velocity without solving 
the DE in Problem 40 in Exercises 2.1. 


(c) Ifthe distance s, measured from the point where the 
mass was released above ground, is related to ve- 
locity v by ds/dt — v(f), find an explicit expression 
for s(t) if s(0) = 0. 


How High?—No Air Resistance Suppose a small 
cannonball weighing 16 pounds is shot vertically 
upward, as shown in Figure 3.1.10, with an initial veloc- 
ity vo = 300 ft/s. The answer to the question “How high 
does the cannonball go?” depends on whether we take 
air resistance into account. 


(a) Suppose air resistance is ignored. If the positive 
direction is upward, then a model for the state of the 
cannonball is given by d*s/dt? = —g (equation 
(12) of Section 1.3). Since ds/dt = v(t) the last 


FIGURE 3.1.10 Find the 
maximum height of the cannonball 
in Problem 36 
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37. 


38. 


39. 
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differential equation is the same as dv/dt = —g, 
where we take g = 32 ft/s?. Find the velocity v(t) 
of the cannonball at time f. 


(b) Use the result obtained in part (a) to determine the 
height s(t) of the cannonball measured from ground 
level. Find the maximum height attained by the 
cannonball. 


How High? — Linear Air Resistance Repeat Prob- 
lem 36, but this time assume that air resistance is 
proportional to instantaneous velocity. It stands to 
reason that the maximum height attained by the cannon- 
ball must be /ess than that in part (b) of Problem 36. 
Show this by supposing that the constant of proportion- 
ality is k — 0.0025. [Hint: Slightly modify the DE in 
Problem 35.] 


Skydiving A skydiver weighs 125 pounds, and her 
parachute and equipment combined weigh another 35 
pounds. After exiting from a plane at an altitude of 
15,000 feet, she waits 15 seconds and opens her para- 
chute. Assume that the constant of proportionality in 
the model in Problem 35 has the value k — 0.5 during 
free fall and k = 10 after the parachute is opened. 
Assume that her initial velocity on leaving the plane is 
zero. What is her velocity and how far has she traveled 
20 seconds after leaving the plane? See Figure 3.1.11. 
How does her velocity at 20 seconds compare with her 
terminal velocity? How long does it take her to reach the 
ground? [Hint: Think in terms of two distinct IVPs.] 


free fall 


air resistance is 0.5v 


V 


Y 


parachute opens 
air resistance is 10v 


FIGURE 3.1.11 
Find the time to 
reach the ground in 
Problem 38 


Evaporating Raindrop As a raindrop falls, it evapo- 
rates while retaining its spherical shape. If we make the 
further assumptions that the rate at which the raindrop 
evaporates is proportional to its surface area and that air 
resistance is negligible, then a model for the velocity 
v(t) of the raindrop is 


dv 3(k/p) 
+ y 
dt (k/p)t + rg 


Here p is the density of water, ro is the radius of the rain- 
drop at t = 0, k « 0 is the constant of proportionality, 


40. 


41. 


42. 


43. 


and the downward direction is taken to be the positive 
direction. 


(a) Solve for v(t) if the raindrop falls from rest. 


(b) Reread Problem 34 of Exercises 1.3 and then 
show that the radius of the raindrop at time f is 
r(t) = (k/p)t + ro. 

(c) If ro = 0.01 ft and r = 0.007 ft 10 seconds after the 
raindrop falls from a cloud, determine the time at 
which the raindrop has evaporated completely. 


Fluctuating Population The differential equation 
dP/dt = (k cos t)P, where k is a positive constant, is a 
mathematical model for a population P(t) that under- 
goes yearly seasonal fluctuations. Solve the equation 
subject to P(0) — Po. Use a graphing utility to graph the 
solution for different choices of Po. 


Population Model In one model of the changing 
population P(t) of a community, it is assumed that 


where dB/dt and dD /dt are the birth and death rates, 
respectively. 


(a) Solve for P(t) if dB/dt = k,P and dD /dt = k;P. 
(b) Analyze the cases kı > ko, kı = ko, and kı < ko. 


Constant-Harvest Model A model that describes the 
population of a fishery in which harvesting takes place at 
a constant rate is given by 

dP 


— —kP-—h, 
dt 


where k and A are positive constants. 
(a) Solve the DE subject to P(0) = Po. 


(b) Describe the behavior of the population P(t) for in- 
creasing time in the three cases Po >h/k, Po — h/k, 
and 0 < Po <h/k. 


(c) Use the results from part (b) to determine whether 
the fish population will ever go extinct in finite 
time, that is, whether there exists a time T > 0 
such that P(T) = 0. If the population goes extinct, 
then find T. 


Drug Dissemination A mathematical model for the 
rate at which a drug disseminates into the bloodstream 
is given by 


where r and k are positive constants. The function x(t) 
describes the concentration of the drug in the blood- 
stream at time f. 


(a) Since the DE is autonomous, use the phase portrait 
concept of Section 2.1 to find the limiting value of 
x(t) as t — oc, 


45. 


(b) Solve the DE subject to x(0) = 0. Sketch the graph 
of x(t) and verify your prediction in part (a). At 
what time is the concentration one-half this limiting 
value? 


. Memorization When forgetfulness is taken into 


account, the rate of memorization of a subject is given by 


dA 
a = k,(M — A) — kA, 


where kı > 0, ka > 0, A(t) is the amount memorized 
in time f£, M is the total amount to be memorized, and 
M — Ais the amount remaining to be memorized. 


(a) Since the DE is autonomous, use the phase portrait 
concept of Section 2.1 to find the limiting value of 
A(t) as t — ©, Interpret the result. 


(b) Solve the DE subject to A(0) — 0. Sketch the graph 
of A(t) and verify your prediction in part (a). 


Heart Pacemaker A heart pacemaker, shown in 
Figure 3.1.12, consists of a switch, a battery, a capacitor, 
and the heart as a resistor. When the switch S is at P, the 
capacitor charges; when S is at Q, the capacitor dis- 
charges, sending an electrical stimulus to the heart. In 
Problem 47 in Exercises 2.3 we saw that during this 
time the electrical stimulus is being applied to the heart, 
the voltage E across the heart satisfies the linear DE 


(a) Let us assume that over the time interval of length 
tj, 0 € t € tı, the switch S is at position P shown 
in Figure 3.1.12 and the capacitor is being 
charged. When the switch is moved to position 
Q at time f, the capacitor discharges, sending an 
impulse to the heart over the time interval of 
length to: t; - f « t; + t». Thus over the initial 
charging/discharging interval 0 < t < ft + f» the 
voltage to the heart is actually modeled by the 
piecewise-defined differential equation 


0zr«t 


switch 


FIGURE 3.1.12 Model of a pacemaker in Problem 45 
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By moving S between P and Q, the charging and 
discharging over time intervals of lengths t; and tz 
is repeated indefinitely. Suppose t, = 4 s, t2 = 2 s, 
Eo = 12 V, and E(0) — 0, E(4) = 12, E(6) — 0, 
E(10) = 12, E(12) = 0, and so on. Solve for E(t) 
for 0 x t x 24. 


(b) Suppose for the sake of illustration that R — C — 1. 
Use a graphing utility to graph the solution for the 
IVP in part (a) for 0 S t = 24. 


46. Sliding Box (a) A box of mass m slides down an 


inclined plane that makes an angle 0 with the hori- 
zontal as shown in Figure 3.1.13. Find a differential 
equation for the velocity v(t) of the box at time ft in 
each of the following three cases: 


(i) No sliding friction and no air resistance 
(ii) With sliding friction and no air resistance 
(iii) With sliding friction and air resistance 


In cases (ii) and (iii), use the fact that the force of 
friction opposing the motion of the box is uN, 
where u is the coefficient of sliding friction and N 
is the normal component of the weight of the box. 
In case (iii) assume that air resistance is propor- 
tional to the instantaneous velocity. 


(b) In part (a), suppose that the box weighs 96 pounds, 
that the angle of inclination of the plane is 0 = 30°, 
that the coefficient of sliding friction is u = V3/4, 
and that the additional retarding force due to air 
resistance is numerically equal to iv. Solve the dif- 
ferential equation in each of the three cases, assum- 
ing that the box starts from rest from the highest 
point 50 ft above ground. 


friction 


50 ft 


FIGURE 3.1.13 Box sliding down inclined plane in 
Problem 46 


47. Sliding Box — Continued (a) In Problem 46 let s(t) be 


the distance measured down the inclined plane 
from the highest point. Use ds/dt = v(t) and the 
solution for each of the three cases in part (b) of 
Problem 46 to find the time that it takes the box to 
slide completely down the inclined plane. A root- 
finding application of a CAS may be useful here. 


(b) In the case in which there is friction (u # 0) but no 
air resistance, explain why the box will not slide 
down the plane starting from rest from the highest 


94 e 


(c) 


(d) 
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point above ground when the inclination angle 0 
satisfies tan 0 = u. 


The box will slide downward on the plane when 
tan 0 Su if it is given an initial velocity 
v(0) = vo > 0. Suppose that u = V3/4 and 
0 = 23°. Verify that tan 0 = u. How far will the 
box slide down the plane if vo = 1 ft/s? 


Using the values u = V3/4 and 0 = 23°, approxi- 
mate the smallest initial velocity vo that can be given 
to the box so that, starting at the highest point 50 ft 
above ground, it will slide completely down the in- 
clined plane. Then find the corresponding time it 
takes to slide down the plane. 


48. What Goes Up...(a) It is well known that the 


(b) 


model in which air resistance is ignored, part (a) of 
Problem 36, predicts that the time tą it takes the 
cannonball to attain its maximum height is the 
same as the time fg it takes the cannonball to fall 
from the maximum height to the ground. Moreover, 
the magnitude of the impact velocity v; will be the 
same as the initial velocity vo of the cannonball. 
Verify both of these results. 


Then, using the model in Problem 37 that takes air 
resistance into account, compare the value of ta 
with 7; and the value of the magnitude of v; with vo. 
A root-finding application of a CAS (or graphic 


calculator) may be useful here. 


3.2 


Vy 


FIGURE 3.2.1 Simplest assumption 
for f(P) is a straight line (blue color) 


NONLINEAR MODELS 


REVIEW MATERIAL 


e Equations (5), (6), and (10) of Section 1.3 and Problems 7, 8, 13, 14, and 17 of Exercises 1.3 
e Separation of variables in Section 2.2 


INTRODUCTION We finish our study of single first-order differential equations with an exam- 
ination of some nonlinear models. 


POPULATION DYNAMICS If P(r) denotes the size of a population at time f, the 
model for exponential growth begins with the assumption that dP/dt = kP for some 
k > 0. In this model, the relative, or specific, growth rate defined by 


dP/dt 1 
E (1) 
is a constant k. True cases of exponential growth over long periods of time are hard 
to find because the limited resources of the environment will at some time exert 
restrictions on the growth of a population. Thus for other models, (1) can be expected 
to decrease as the population P increases in size. 
The assumption that the rate at which a population grows (or decreases) is 
dependent only on the number P present and not on any time-dependent mechanisms 
such as seasonal phenomena (see Problem 31 in Exercises 1.3) can be stated as 


dP/dt dP 
UP uos MEO PAP): (2) 


dt 
The differential equation in (2), which is widely assumed in models of animal 
populations, is called the density-dependent hypothesis. 


LOGISTIC EQUATION Suppose an environment is capable of sustaining no 
more than a fixed number K of individuals in its population. The quantity K is 
called the carrying capacity of the environment. Hence for the function fin (2) we 
have f(K) = 0, and we simply let f(0) = r. Figure 3.2.1 shows three functions f 
that satisfy these two conditions. The simplest assumption that we can make is that 
F(P) is linear— that is, f(P) = cıP + c2. If we use the conditions f(0) = r and 
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f(K) = 0, we find, in turn, c? = r and cı = —r/K, and so f takes on the form 
f(P) = r — (r/K)P. Equation (2) becomes 

dP r 

— = pir-—P|. 3 

dt ( K @) 
With constants relabeled, the nonlinear equation (3) is the same as 

Z = Pla — bP) (4) 

FT a ; 


Around 1840 the Belgian mathematician-biologist P. F. Verhulst was concerned 
with mathematical models for predicting the human populations of various countries. 
One of the equations he studied was (4), where a > 0 and b > 0. Equation (4) came 
to be known as the logistic equation, and its solution is called the logistic function. 
The graph of a logistic function is called a logistic curve. 

The linear differential equation dP/dt = kP does not provide a very accurate 
model for population when the population itself is very large. Overcrowded condi- 
tions, with the resulting detrimental effects on the environment such as pollution and 
excessive and competitive demands for food and fuel, can have an inhibiting effect 
on population growth. As we shall now see, the solution of (4) is bounded as t — oc. 
If we rewrite (4) as dP/dt = aP — bP?, the nonlinear term —bP?, b > 0, can be in- 
terpreted as an “inhibition” or “competition” term. Also, in most applications the 
positive constant a is much larger than the constant b. 

Logistic curves have proved to be quite accurate in predicting the growth 
patterns, in a limited space, of certain types of bacteria, protozoa, water fleas 
(Daphnia), and fruit flies (Drosophila). 


SOLUTION OF THE LOGISTIC EQUATION One method of solving (4) is sepa- 
ration of variables. Decomposing the left side of dP/P(a — bP) = dt into partial 
fractions and integrating gives 


(ue " b/a 


P a= bP 


L — dt 


1 1 
—In|P| - -ina— bP| =t+c 
a a 


| — af t ac 
a= 
E E 6: 1e“. 
a — bP 
It follows from the last equation that 
ace” acı 


P(t) = at B —at* 
1 + bce bc, + e 


If P(0) = Po, Po # a/b, we find cı = Po/(a — bPo), and so after substituting and 
simplifying, the solution becomes 


aPo 


P(t) = = 
bPa + (a — bPoje 


(5) 


GRAPHS OF P(t) The basic shape of the graph of the logistic function P(t) can be 

obtained without too much effort. Although the variable ¢ usually represents time and 

we are seldom concerned with applications in which t < 0, it is nonetheless of some in- 

terest to include this interval in displaying the various graphs of P. From (5) we see that 
aPy a 


P(t) ^ — =- as t>% and P(t) ^50 as t—-—c. 
bP) b 
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(b) 
FIGURE 3.2.2 Logistic curves for 


different initial conditions 


= 
> 


x =1000 


(a) 


t (days) x (number infected) 


50 (observed) 
124 
276 
507 
735 
882 
953 


Cc ooco-1o9otU 


RR 


(b) 


FIGURE 3.2.3 Number of infected 
students x(t) approaches 1000 as time 
t increases 


The dashed line P — a/2b shown in Figure 3.2.2 corresponds to the ordinate of a 
point of inflection of the logistic curve. To show this, we differentiate (4) by the 
Product Rule: 
d?P 
df? 


dP dP 
dt dt 


= P(a — bP)(a — 2bP) 


= P| b 2) T bP 2bP 
Ar) +a- BP) (a — 2bP) 


From calculus recall that the points where d?P /dt? = 0 are possible points of inflec- 
tion, but P = 0 and P = a/b can obviously be ruled out. Hence P = a /2b is the only 
possible ordinate value at which the concavity of the graph can change. For 
0 < P < a/2b it follows that P" > 0, and a/2b < P < a/b implies that P" < 0. 
Thus, as we read from left to right, the graph changes from concave up to concave 
down at the point corresponding to P — a/2b. When the initial value satisfies 
0 < Po « a/2b, the graph of P(t) assumes the shape of an S, as we see in 
Figure 3.2.2(a). For a/2b < Po < a/b the graph is still S-shaped, but the point of 
inflection occurs at a negative value of t, as shown in Figure 3.2.2(b). 

We have already seen equation (4) in (5) of Section 1.3 in the form 
dx /dt = kx(n + 1 — x), k>0. This differential equation provides a reasonable 
model for describing the spread of an epidemic brought about initially by introduc- 
ing an infected individual into a static population. The solution x(t) represents the 
number of individuals infected with the disease at time f. 


l EXAMPLE 1 Logistic Growth 


Suppose a student carrying a flu virus returns to an isolated college campus of 1000 
students. If it is assumed that the rate at which the virus spreads is proportional not 
only to the number x of infected students but also to the number of students not 
infected, determine the number of infected students after 6 days if it is further 
observed that after 4 days x(4) = 50. 


SOLUTION Assuming that no one leaves the campus throughout the duration of the 
disease, we must solve the initial-value problem 

e. kx(1000 — x), x(0) = 1. 

dt 
By making the identification a = 1000k and b = k, we have immediately from 
(5) that 


1000k 1000 


*( = FF 999kz- 00u 7 T 4 999o- 100% 


Now, using the information x(4) = 50, we determine k from 


1000 


50 = TE 999,39 


We find — 1000k = 4 In 45 = —0.9906. Thus 


1000 
1+ 999, -0.9906r 


x(t) = 


, 1000 
Finally, x(6) — 1 * 999g 5986 = 276 students. 


Additional calculated values of x(f) are given in the table in Figure 3.2.3(b). E 
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MODIFICATIONS OF THE LOGISTIC EQUATION There are many variations 
of the logistic equation. For example, the differential equations 


aT bP) — } d a E T (6) 
dt a 1 an di = a 


could serve, in turn, as models for the population in a fishery where fish are harvested 
or are restocked at rate h. When h > 0 is a constant, the DEs in (6) can be readily an- 
alyzed qualitatively or solved analytically by separation of variables. The equations 
in (6) could also serve as models of the human population decreased by emigration or 
increased by immigration, respectively. The rate h in (6) could be a function of time f 
or could be population dependent; for example, harvesting might be done periodi- 
cally over time or might be done at a rate proportional to the population P at time f. In 
the latter instance, the model would look like P’ = P(a — bP) — cP, c 0. The 
human population of a community might change because of immigration in such a 
manner that the contribution due to immigration was large when the population P of 
the community was itself small but small when P was large; a reasonable model for 
the population of the community would then be P’ = P(a — bP) + ce ^, c >0,k > 0. 
See Problem 22 in Exercises 3.2. Another equation of the form given in (2), 

za P bln P T 

> (a n P), (7) 
is a modification of the logistic equation known as the Gompertz differential equa- 
tion. This DE is sometimes used as a model in the study of the growth or decline of 
populations, the growth of solid tumors, and certain kinds of actuarial predictions. 
See Problem 8 in Exercises 3.2. 


CHEMICAL REACTIONS Suppose that a grams of chemical A are combined with 
b grams of chemical B. If there are M parts of A and N parts of B formed in the com- 
pound and X(f) is the number of grams of chemical C formed, then the number of 
grams of chemical A and the number of grams of chemical B remaining at time f are, 
respectively, 


and b 


a X. 


(M-*N (M-N 


The law of mass action states that when no temperature change is involved, the rate 
at which the two substances react is proportional to the product of the amounts of A 
and B that are untransformed (remaining) at time f: 


dX M N 
«(a X |\b X|. (8) 
dt MN MN 
If we factor out M/(M + N) from the first factor and N/(M + N) from the second 
and introduce a constant of proportionality k > 0, (8) has the form 


- NS = - 9 
z; «e XXB — X), (9) 


where a = a(M + N)/M and B = b(M + N)/N. Recall from (6) of Section 1.3 that 
a chemical reaction governed by the nonlinear differential equation (9) is said to be a 
second-order reaction. 


| EXAMPLE 2 Second-Order Chemical Reaction 


A compound C is formed when two chemicals A and B are combined. The resulting 
reaction between the two chemicals is such that for each gram of A, 4 grams of B is 
used. It is observed that 30 grams of the compound C is formed in 10 minutes. 


98 e CHAPTER 3 MODELING WITH FIRST-ORDER DIFFERENTIAL EQUATIONS 


XA 
X=40 
10 20 30 40 f 
(a) 
t (min) X (g) 
10 30 (measured) 
15 34.78 
20 37.25 
25 38.54 
30 39.22 
35 39.59 
(b) 


FIGURE 3.2.4 X(t) starts at 0 and 


approaches 40 as f increases 


Determine the amount of C at time f if the rate of the reaction is proportional to the 
amounts of A and B remaining and if initially there are 50 grams of A and 32 grams 
of B. How much of the compound C is present at 15 minutes? Interpret the solution 
as f — co, 


SOLUTION Let X(t) denote the number of grams of the compound C present at 
time ¢. Clearly, X(0) = 0 g and X(10) = 30 g. 

If, for example, 2 grams of compound C is present, we must have used, 
say, a grams of A and b grams of B, so a + b = 2 and b = 4a. Thus we must use 
a= E = 2(1) g of chemical A and b = i = 2(2) g of B. In general, for X grams of 
C we must use 


1 4 
5 X grams of A and 5 X grams of B. 


The amounts of A and B remaining at time t are then 


50 ig d 32 ty 
= an = X, 
5 5 


respectively. 
Now we know that the rate at which compound C is formed satisfies 


E 
dt 5 5 J 


To simplify the subsequent algebra, we factor i from the first term and $ from the 
second and then introduce the constant of proportionality: 


dX 
4^ 90 X)(40 — X). 


By separation of variables and partial fractions we can write 


i L 
an, dX  20— dX = kdt. 


250 — X 40 — X 
Integrating gives 
250 = X 250 — X 
In 40 -X = 210kt + c, or 40—X = ce OF. (10) 


When t = 0, X = 0, so it follows at this point that cz = 2 Using X — 30 g at t — 10, 
we find 210k = 5 In S — 0.1258. With this information we solve the last equation 
in (10) for X: 

] — e 9.1258 
5 — 4e 9.1558 


X(t) = 10007 (11) 


The behavior of X as a function of time is displayed in Figure 3.2.4. It is clear from 
the accompanying table and (11) that X — 40 as t — ~. This means that 40 grams of 
compound C is formed, leaving 


1 4 
50— z (40) = 42gofA and — 32— =(40) = Og of B. m 
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REMARKS 


The indefinite integral f du/(a? — u?) can be evaluated in terms of logarithms, 
the inverse hyperbolic tangent, or the inverse hyperbolic cotangent. For example, 
of the two results 


du 1 EU 
5 qe | e |w«a (12) 
(^ = in a a 
di 1 + 
| == In|— is ar (8 |u| # a, (13) 
a” = ih 2a qi 


(12) may be convenient in Problems 15 and 24 in Exercises 3.2, whereas (13) 
may be preferable in Problem 25. 


EXERCISES 3.2 


Answers to selected odd-numbered problems begin on page ANS-3. 


(b) Construct a table comparing actual census popula- 
tion with the population predicted by the model in 
part (a). Compute the error and the percentage error 
for each entry pair. 


Logistic Equation 


1. The number N(?) of supermarkets throughout the country 
that are using a computerized checkout system is 
described by the initial-value problem 


dN TABLE 3.1 

di = N(1— 0.0005N), N(0)- 1. Year Population (in millions) 
(a) Use the phase portrait concept of Section 2.1 to pre- n Bi 
dict how many supermarkets are expected to adopt 1810 7240 
the new procedure over a long period of time. By 1820 9.638 
hand, sketch a solution curve of the given initial- 1830 12.866 
value problem. 1840 17.069 
(b) Solve the initial-value problem and then use a graph- 1850 23.192 
ing utility to verify the solution curve in part (a). 1960 an 
How many companies are expected to adopt the new E ires 
technology when t = 10? igno 62.948 
2. The number N(f) of people in a community who are 1900 75.996 
exposed to a particular advertisement is governed by 1310 eee 
the logistic equation. Initially, N(0) = 500, and it is EM ee 
observed that N(1) = 1000. Solve for N(f) if it is pre- ne B 
dicted that the limiting number of people in the commu- 1950 150. 697 


nity who will see the advertisement is 50,000. 


3. A model for the population P(t) in a suburb of a large 
city is given by the initial-value problem 
5. (a) If a constant number / of fish are harvested from a 
dP = P(10-! — 1077 P), P(0) = 5000 fishery per unit time, then a model for the popula- 
dt tion P(t) of the fishery at time ft is given by 


Modifications of the Logistic Model 


where f is measured in months. What is the limiting 

: : j dP 
value of the population? At what time will the popula- = P(a — bP) — h, P(0) = Po, 
tion be equal to one-half of this limiting value? dt 


4. (a) Census data for the United States between 1790 and where a, b, h, and Po are positive constants. 


1950 are given in Table 3.1. Construct a logistic 
population model using the data from 1790, 1850, 
and 1910. 


Suppose a = 5, b = 1, and h = 4. Since the DE is 
autonomous, use the phase portrait concept of 
Section 2.1 to sketch representative solution curves 


100 
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corresponding to the cases Po > 4, 1 < Po < 4, and 
0 < Po < 1. Determine the long-term behavior of 
the population in each case. 


(b) Solve the IVP in part (a). Verify the results of your 
phase portrait in part (a) by using a graphing utility 
to plot the graph of P(t) with an initial condition 
taken from each of the three intervals given. 


(c) Use the information in parts (a) and (b) to determine 
whether the fishery population becomes extinct in 
finite time. If so, find that time. 


. Investigate the harvesting model in Problem 5 both 


qualitatively and analytically in the case a — 5, b — 1, 
h = 5, Determine whether the population becomes 
extinct in finite time. If so, find that time. 


. Repeat Problem 6 in the case a = 5, b = 1, h = 7. 


. (a) Suppose a = b = 1 in the Gompertz differential 


equation (7). Since the DE is autonomous, use the 
phase portrait concept of Section 2.1 to sketch rep- 
resentative solution curves corresponding to the 
cases Po > e and 0 < Po < e. 

(b) Suppose a = 1, b = —1 in (7). Use a new phase por- 
trait to sketch representative solution curves corre- 
sponding to the cases Py > e ! and 0 < Po < e. 


(c) Find an explicit solution of (7) subject to P(0) = Po. 


Chemical Reactions 


9. 


10. 


Two chemicals A and B are combined to form a chemical 
C. The rate, or velocity, of the reaction is proportional to 
the product of the instantaneous amounts of A and B not 
converted to chemical C. Initially, there are 40 grams of 
A and 50 grams of B, and for each gram of B, 2 grams of 
A is used. It is observed that 10 grams of C is formed in 
5 minutes. How much is formed in 20 minutes? What is 
the limiting amount of C after a long time? How much of 
chemicals A and B remains after a long time? 


Solve Problem 9 if 100 grams of chemical A is present 
initially. At what time is chemical C half-formed? 


Additional Nonlinear Models 


11. 


Leaking Cylindrical Tank A tank in the form of a 
right-circular cylinder standing on end is leaking water 
through a circular hole in its bottom. As we saw in (10) 
of Section 1.3, when friction and contraction of water at 
the hole are ignored, the height / of water in the tank is 
described by 
dh A, 
— = — Vgl, 
dt Ay 
where A,, and A; are the cross-sectional areas of the 
water and the hole, respectively. 


(a) Solve the DE if the initial height of the water is H. 
By hand, sketch the graph of h(t) and give its interval 


12. 


13. 


14. 


I of definition in terms of the symbols A,,, Ap, and H. 
Use g = 32 ft/s. 


(b) Suppose the tank is 10 feet high and has radius 
2 feet and the circular hole has radius 1 inch. If the 
tank is initially full, how long will it take to empty? 


Leaking Cylindrical Tank—Continued When fric- 
tion and contraction of the water at the hole are taken 
into account, the model in Problem 11 becomes 

dh Ap 


= -—c— 


= Zeh, 
dt A 


where 0<c< 1. How long will it take the tank in 
Problem 11(b) to empty if c = 0.6? See Problem 13 in 
Exercises 1.3. 


Leaking Conical Tank A tank in the form of a right- 
circular cone standing on end, vertex down, is leaking 
water through a circular hole in its bottom. 


(a) Suppose the tank is 20 feet high and has radius 
8 feet and the circular hole has radius 2 inches. In 
Problem 14 in Exercises 1.3 you were asked to 
show that the differential equation governing the 
height h of water leaking from a tank is 


dh 5 


dt 6p 


In this model, friction and contraction of the water 
at the hole were taken into account with c = 0.6, 
and g was taken to be 32 ft/s?. See Figure 1.3.12. If 
the tank is initially full, how long will it take the 
tank to empty? 


(b) Suppose the tank has a vertex angle of 60? and the 
circular hole has radius 2 inches. Determine the dif- 
ferential equation governing the height h of water. 
Use c — 0.6 and g — 32 ft/s?. If the height of the 
water is initially 9 feet, how long will it take the 
tank to empty? 


Inverted Conical Tank Suppose that the conical tank 
in Problem 13(a) is inverted, as shown in Figure 3.2.5, 
and that water leaks out a circular hole of radius 2 inches 
in the center of its circular base. Is the time it takes to 
empty a full tank the same as for the tank with vertex 
down in Problem 13? Take the friction/contraction coef- 
ficient to be c = 0.6 and g = 32 ft/s. 


FIGURE 3.2.5 


Inverted conical tank in Problem 14 


15. 


16. 


17. 


18. 


Air Resistance A differential equation for the veloc- 
ity v of a falling mass m subjected to air resistance pro- 
portional to the square of the instantaneous velocity is 


dv 
—= —k 2 
m EA mg y 


where k > 0 is a constant of proportionality. The posi- 
tive direction is downward. 


(a) Solve the equation subject to the initial condition 
v(0) = vo. 

(b) Use the solution in part (a) to determine the limit- 
ing, or terminal, velocity of the mass. We saw how 
to determine the terminal velocity without solving 
the DE in Problem 41 in Exercises 2.1. 


(c) If the distance s, measured from the point where 
the mass was released above ground, is related to 
velocity v by ds/dt — v(f), find an explicit expres- 
sion for s(t) if s(0) = 0. 


How High? —Nonlinear Air Resistance Consider the 
16-pound cannonball shot vertically upward in Problems 
36 and 37 in Exercises 3.1 with an initial velocity 
vo — 300 ft/s. Determine the maximum height attained by 
the cannonball if air resistance is assumed to be propor- 
tional to the square of the instantaneous velocity. Assume 
that the positive direction is upward and take k — 0.0003. 
[Hint: Slightly modify the DE in Problem 15.] 


That Sinking Feeling (a) Determine a differential 
equation for the velocity v(t) of a mass m sinking 
in water that imparts a resistance proportional to 
the square of the instantaneous velocity and also 
exerts an upward buoyant force whose magnitude is 
given by Archimedes' principle. See Problem 18 in 
Exercises 1.3. Assume that the positive direction is 
downward. 


(b) Solve the differential equation in part (a). 


(c) Determine the limiting, or terminal, velocity of the 
sinking mass. 


Solar Collector The differential equation 


dy —xt Ve y! 
dx y 


describes the shape of a plane curve C that will reflect all 
incoming light beams to the same point and could be a 
model for the mirror of a reflecting telescope, a satellite 
antenna, or a solar collector. See Problem 27 in 
Exercises 1.3. There are several ways of solving this DE. 


(a) Verify that the differential equation is homogeneous 
(see Section 2.5). Show that the substitution y — ux 
yields 


u du dx 


VI+ (1 — V1 +i) x 
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Use a CAS (or another judicious substitution) to 
integrate the left-hand side of the equation. Show that 
the curve C must be a parabola with focus at the ori- 
gin and is symmetric with respect to the x-axis. 


(b) Show that the first differential equation can also be 
solved by means of the substitution u = x? + y?. 


19. Tsunami (a) A simple model for the shape of a 


tsunami, or tidal wave, is given by 


au =Wv4 — 2W, 

dx 
where W(x) > 0 is the height of the wave expressed 
as a function of its position relative to a point off- 
shore. By inspection, find all constant solutions of 
the DE. 


(b) Solve the differential equation in part (a). A CAS 
may be useful for integration. 


(c) Use a graphing utility to obtain the graphs of all 
solutions that satisfy the initial condition W(0) — 2. 


20. Evaporation An outdoor decorative pond in the shape 


of a hemispherical tank is to be filled with water pumped 
into the tank through an inlet in its bottom. Suppose that 
the radius of the tank is R = 10 ft, that water is pumped 
in at a rate of a ft?/min, and that the tank is initially 
empty. See Figure 3.2.6. As the tank fills, it loses water 
through evaporation. Assume that the rate of evaporation 
is proportional to the area A of the surface of the water 
and that the constant of proportionality is k = 0.01. 


(a) The rate of change dV /dt of the volume of the water 
at time f is a net rate. Use this net rate to determine a 
differential equation for the height h of the water at 
time 7. The volume of the water shown in the figure is 
V = TRK — ich), where R — 10. Express the area 
of the surface of the water A = zr? in terms of h. 


(b) Solve the differential equation in part (a). Graph the 
solution. 


(c) If there were no evaporation, how long would it take 
the tank to fill? 


(d) With evaporation, what is the depth of the water at 
the time found in part (c)? Will the tank ever be 
filled? Prove your assertion. 


Output: water evaporates 
at rate proportional 
to area A of surface 


k-R— 
-— er 4 
Input: water pumped in 
at rate 7ftft?/min 


(a) hemispherical tank (b) cross-section of tank 


FIGURE 3.2.6 Decorative pond in Problem 20 
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Project Problems 


21. 


22. 


Regression Line Read the documentation for your 
CAS on scatter plots (or scatter diagrams) and least- 
squares linear fit. The straight line that best fits a set of 
data points is called a regression line or a least squares 
line. Your task is to construct a logistic model for 
the population of the United States, defining f (P) in (2) 
as an equation of a regression line based on the popu- 
lation data in the table in Problem 4. One way of 


1 dP 
doing this is to approximate the left-hand side P dt of 


the first equation in (2), using the forward difference 
quotient in place of dP/dt: 
1 P(t +h) — P(t) 

P(t) h i 

(a) Make a table of the values t, P(t), and Q(t) using 
t = 0, 10, 20, . . ., 160 and h = 10. For example, the 
first line of the table should contain t = 0, P(0), and 
Q(0). With P(0) = 3.929 and P(10) = 5.308, 

1 P(10)-— PO) 
P(O) 10 


Q(t) = 


Q(0) = = 0.035. 

Note that Q(160) depends on the 1960 census popu- 
lation P(170). Look up this value. 

(b) Use a CAS to obtain a scatter plot of the data 
(P(t), Q(t)) computed in part (a). Also use a CAS to 
find an equation of the regression line and to 
superimpose its graph on the scatter plot. 

(c) Construct a logistic model dP/dt — Pf(P), where 
f (P) is the equation of the regression line found in 
part (b). 

(d) Solve the model in part (c) using the initial condi- 
tion P(0) — 3.929. 

(e) Use a CAS to obtain another scatter plot, this time 
of the ordered pairs (t, P(t)) from your table in 
part (a). Use your CAS to superimpose the graph of 
the solution in part (d) on the scatter plot. 

(f) Look up the U.S. census data for 1970, 1980, and 
1990. What population does the logistic model in 
part (c) predict for these years? What does the model 
predict for the U.S. population P(t) as t — œ? 


Immigration Model (a) In Examples 3 and 4 of 
Section 2.1 we saw that any solution P(t) of (4) pos- 
sesses the asymptotic behavior P(r) — a/b as 
t — œ for Py 7 a/b and for 0 < Po < a/b; asa 
consequence the equilibrium solution P — a/b is 
called an attractor. Use a root-finding application of 
a CAS (or a graphic calculator) to approximate the 
equilibrium solution of the immigration model 


dP 
— = P(1 — P) + 03e *. 
dt ( ) e 


(b) Use a graphing utility to graph the function 
F(P) = P(1 — P) + 03e `”. Explain how this graph 


23. 


24. 


can be used to determine whether the number found 
in part (a) is an attractor. 


(c) Use a numerical solver to compare the solution 
curves for the IVPs 


dP 
— = P - P), 


PO) =P 
d (0) = Po 


for Po = 0.2 and Po = 1.2 with the solution curves 
for the IVPs 

dP 

— = pop ee ruga 

dp ) e 
for Py = 0.2 and P, = 1.2. Superimpose all curves on 
the same coordinate axes but, if possible, use a differ- 
ent color for the curves of the second initial-value 
problem. Over a long period of time, what percentage 
increase does the immigration model predict in the 
population compared to the logistic model? 


What Goes Up... In Problem 16 let tą be the time it 
takes the cannonball to attain its maximum height and 
let ty be the time it takes the cannonball to fall from the 
maximum height to the ground. Compare the value of 
t, with the value of tg and compare the magnitude of 
the impact velocity v; with the initial velocity vo. See 
Problem 48 in Exercises 3.1. A root-finding application 
of a CAS might be useful here. [Hint: Use the model in 
Problem 15 when the cannonball is falling. ] 


PO) = Po 


Skydiving A skydiver is equipped with a stopwatch 

and an altimeter. As shown in Figure 3.2.7, he opens his 

parachute 25 seconds after exiting a plane flying at an 
altitude of 20,000 feet and observes that his altitude is 

14,800 feet. Assume that air resistance is proportional 

to the square of the instantaneous velocity, his initial ve- 

locity on leaving the plane is zero, and g = 32 ft/s?. 

(a) Find the distance s(t), measured from the plane, the 
skydiver has traveled during freefall in time t. [Hint: 
The constant of proportionality k in the model given 
in Problem 15 is not specified. Use the expression 
for terminal velocity v; obtained in part (b) of 
Problem 15 to eliminate k from the IVP. Then even- 
tually solve for v;.] 

(b) How far does the skydiver fall and what is his 
velocity at t = 15 s? 


Gs) | 
s 


he ees 
Mm 


FIGURE 3.2.7 Skydiver in Problem 24 


25. 


26. 


Hitting Bottom A helicopter hovers 500 feet above a 
large open tank full of liquid (not water). A dense com- 
pact object weighing 160 pounds is dropped (released 
from rest) from the helicopter into the liquid. Assume 
that air resistance is proportional to instantaneous ve- 
locity v while the object is in the air and that viscous 
damping is proportional to v? after the object has en- 
tered the liquid. For air take k = is and for the liquid 
take k = 0.1. Assume that the positive direction is 
downward. If the tank is 75 feet high, determine the 
time and the impact velocity when the object hits the 
bottom of the tank. [Hint: Think in terms of two distinct 
IVPs. If you use (13), be careful in removing the ab- 
solute value sign. You might compare the velocity when 
the object hits the liquid—the initial velocity for the 
second problem—with the terminal velocity v, of the 
object falling through the liquid.] 


Old Man River... In Figure 3.2.8(a) suppose that the 
y-axis and the dashed vertical line x = 1 represent, re- 
spectively, the straight west and east beaches of a river 
that is 1 mile wide. The river flows northward with a 
velocity v,, where |v,| = v, mi/h is a constant. A man 
enters the current at the point (1, 0) on the east shore and 
swims in a direction and rate relative to the river given by 
the vector v,, where the speed |v,| = v, mi/h is a constant. 
The man wants to reach the west beach exactly at (0, 0) 
and so swims in such a manner that keeps his velocity 
vector v, always directed toward the point (0, 0). Use 
Figure 3.2.8(b) as an aid in showing that a mathematical 
model for the path of the swimmer in the river is 


dy wy-vwVx ty 


dx Vix 


[Hint: The velocity v of the swimmer along the path or 
curve shown in Figure 3.2.8 is the resultant v = v, + v,. 
Resolve v, and v, into components in the x- and 


” | 
swimmer i 
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beach 


MM current M 
V, 
(0, 0) (1,0) * 

(a) 
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(0, 0) x) 
(b) 


FIGURE 3.2.8 Path of swimmer in Problem 26 


27. 


28. 


29. 


30. 
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y-directions. If x = x(t), y = y(t) are parametric equa- 
tions of the swimmer’s path, then v = (dx/dt, dy/dt).] 


(a) Solve the DE in Problem 26 subject to y(1) = 0. For 
convenience let k = v,/v,. 


(b) Determine the values of v, for which the swimmer 
will reach the point (0, 0) by examining lim y(x) in 
x—0* 
the caseesk=1,k>1,and0<k< I. 


Old Man River Keeps Moving . . . Suppose the man in 
Problem 26 again enters the current at (1, 0) but this 
time decides to swim so that his velocity vector v, is 
always directed toward the west beach. Assume that the 
speed |v,| = v, mi/h is a constant. Show that a mathe- 
matical model for the path of the swimmer in the river 
is now 


dy v, 


dx V, 


The current speed v, of a straight river such as that in 
Problem 26 is usually not a constant. Rather, an approxi- 
mation to the current speed (measured in miles per hour) 
could be a function such as v(x) = 30x(1 — x), 
0 x x < 1, whose values are small at the shores (in this 
case, v, (0) = 0 and v,(1) = 0) and largest in the middle of 
the river. Solve the DE in Problem 28 subject to y(1) = 0, 
where v; = 2 mi/h and v,(x) is as given. When the swim- 
mer makes it across the river, how far will he have to walk 
along the beach to reach the point (0, 0)? 


Raindrops Keep Falling... When a bottle of liquid 
refreshment was opened recently, the following factoid 
was found inside the bottle cap: 


The average velocity of a falling raindrop is 7 miles/hour. 


A quick search of the Internet found that meteorologist 
Jeff Haby offers the additional information that an 
"average" spherical raindrop has a radius of 0.04 in. and 
an approximate volume of 0.000000155 ft^. Use this data 
and, if need be, dig up other data and make other reason- 
able assumptions to determine whether "average velocity 
of... 7 mph" is consistent with the models in Problems 
35 and 36 in Exercises 3.1 and Problem 15 in this exer- 
cise set. Also see Problem 34 in Exercises 1.3. 


. Time Drips By The clepsydra, or water clock, was a 


device that the ancient Egyptians, Greeks, Romans, and 
Chinese used to measure the passage of time by observ- 
ing the change in the height of water that was permitted 
to flow out of a small hole in the bottom of a container 
or tank. 


(a) Suppose a tank is made of glass and has the shape of 
a right-circular cylinder of radius 1 ft. Assume that 
h(0) — 2 ft corresponds to water filled to the top of 
the tank, a hole in the bottom is circular with radius 
E in. g — 32 ft/s”, and c = 0.6. Use the differential 
equation in Problem 12 to find the height A(t) of the 
water. 
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(b) For the tank in part (a), how far up from its bottom 
should a mark be made on its side, as shown in 
Figure 3.2.9, that corresponds to the passage of one 
hour? Next determine where to place the marks 
corresponding to the passage of 2 hr, 3 hr, . . . , 12 hr. 
Explain why these marks are not evenly spaced. 


FIGURE 3.2.9 Clepsydra in Problem 31 


(a) Suppose that a glass tank has the shape of a cone with 
circular cross section as shown in Figure 3.2.10. As 
in part (a) of Problem 31, assume that A(0) = 2 ft 
corresponds to water filled to the top of the tank, 
a hole in the bottom is circular with radius $ in., 
g = 32 ft/s?, and c = 0.6. Use the differential equa- 
tion in Problem 12 to find the height A(t) of the 
water. 


(b) Can this water clock measure 12 time intervals 
of length equal to 1 hour? Explain using sound 
mathematics. 


FIGURE 3.2.10  Clepsydra in Problem 32 


Suppose that r = f(h) defines the shape of a water clock 
for which the time marks are equally spaced. Use the 
differential equation in Problem 12 to find f(h) and 
sketch a typical graph of h as a function of r. Assume 
that the cross-sectional area A; of the hole is constant. 
[Hint: In this situation dh/dt = —a, where a > 0 is a 
constant.] 


Contributed Problem 


34. A Logistic Model of 


height 200 


Michael Prophet, Ph.D 
Doug Shaw, Ph.D 
Associate Professors 
Mathematics Department 
University of Northern lowa 


Sunflower Growth This 
problem involves planting 
a sunflower seed and plotting the height of the sunflower 
versus time. It should take 3—4 months to gather the data, 
so start early! You can substitute a different plant if you 
like, but you may then have to adjust the time scale and 
the height scale appropriately. 


(a) You are going to be creating a plot of the sunflower 
height (in cm) versus the time (in days). Before be- 
ginning, guess what this curve is going to look like, 
and fill in your guess on the grid. 


400 


300 


100 


0 10 20 30 40 50 60 70 
days 


80 90 100 


(b) Now plant your sunflower. Take a height measure- 
ment the first day that your flower sprouts, and call 
that day 0. Then take a measurement at least once a 
week until it is time to start writing up your data. 


(c) Do your data points more closely resemble expo- 
nential growth or logistic growth? Why? 


(d) If your data more closely resemble exponential 
growth, the equation for height versus time will 
be dH /dt = kH. If your data more closely resemble 
logistic growth, the equation for height versus 
time will be dH/dt = kH (C — H). What is the phys- 
ical meaning of C? Use your data to estimate C. 


(e 


— 


We now experimentally determine k. At each of 


your f values, estimate dH/dt by using difference 
: dH/dt 
quotients. Then use the fact that k = ———— to 
H(C — H) 
get a best estimate of k. 


(f) Solve your differential equation. Now graph your 
solution along with the data points. Did you come 
up with a good model? Do you think that k will 
change if you plant a different sunflower next year? 


Contributed Problem 


35. Torricell's Law If we 


Ben Fitzpatrick, Ph.D 
Clarence Wallen Chair 

of Mathematics 
Mathematics Department 


punch a hole in a bucket | Loyola Marymount University 


full of water, the fluid 
drains at a rate governed by Torricelli's law, which states 
that the rate of change of volume is proportional to the 
square root of the height of the fluid. 


The rate equation given in Figure 3.2.11 arises from 
Bernoulli’s principle in fluid dynamics, which states 
that the quantity P + i pv’ + pgh is constant. Here P is 
pressure, p is fluid density, v is velocity, and g is the 
acceleration due to gravity. Comparing the top of the 
fluid, at the height h, to the fluid at the hole, we have 


Prop + 5 PVinp + pgh = Prole + 5 Pval + ps 7 0. 


If the pressure at the top and the pressure at the bottom 
are both atmospheric pressure and if the drainage hole 
radius is much less than the radius of the bucket, then 
Prop = Phole and wp = 0, so pgh = 1 PVŽole leads to 


dV 
Torricelli’s law: v = V2gh. Since dr = —AnoleV, We 


have the differential equation 


dV 
m = —Anae V 2gh. 


bucket height 
water height H 


h(t) 


rate P 
equation: y = —AnoteV2gh 


FIGURE 3.2.11 Bucket Drainage 
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In this problem, we seek a comparison of 
Torricelli’s differential equation with actual data. 


(a) If the water is at a height h, we can find the volume 
of water in the bucket by the formula 


vd) = [om + Ry? — RÌ] 


in which m = (Rr — Rg)/H. Here Rr and Rg denote 
the top and bottom radii of the bucket, respectively, 
and H denotes the height of the bucket. Taking this 
formula as given, differentiate to find a relationship 
between the rates dV/dt and dh/dt. 


(b) Use the relationship derived in part (a) to find a 
differential equation for A(f) (that is, you should 
have an independent variable t, a dependent variable 
h, and constants in the equation). 


(c) Solve this differential equation using separation of 
variables. It is relatively straightforward to deter- 
mine time as a function of height, but solving for 
height as a function of time may be difficult. 


(d) Obtain a flowerpot, fill it with water, and watch it 
drain. At a fixed set of heights, record the time at 
which the water reaches the height. Compare the 
results to the differential equation's solution. 


(e) It has been observed that a more accurate differen- 
tial equation is 
dV — 
C — (0.84) Apote gh. 
dt 
Solve this differential equation and compare to the 
results of part (d). 
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REVIEW MATERIAL 


e Section 1.3 


INTRODUCTION This section is similar to Section 1.3 in that we are just going to discuss cer- 
tain mathematical models, but instead of a single differential equation the models will be systems of 
first-order differential equations. Although some of the models will be based on topics that we 
explored in the preceding two sections, we are not going to develop any general methods for solv- 
ing these systems. There are reasons for this: First, we do not possess the necessary mathematical 
tools for solving systems at this point. Second, some of the systems that we discuss —notably the 
systems of nonlinear first-order DEs—simply cannot be solved analytically. We shall examine 
solution methods for systems of linear DEs in Chapters 4, 7, and 8. 


LINEAR/NONLINEAR SYSTEMS We have seen that a single differential equation 
can serve as a mathematical model for a single population in an environment. But if 
there are, say, two interacting and perhaps competing species living in the same 
environment (for example, rabbits and foxes), then a model for their populations x(t) 
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and y(t) might be a system of two first-order differential equations such as 


dt &1 +X, 

? (1) 
y 

— = g(t, x, y). 

dt g(t, x y) 


When g; and gz are linear in the variables x and y — that is, gı and gz have the forms 
gi(, x, y) = ex + ay + fi and Salt, x, y) = ex + cay + FLO), 


where the coefficients c; could depend on t—then (1) is said to be a linear system. 
A system of differential equations that is not linear is said to be nonlinear. 


RADIOACTIVE SERIES In the discussion of radioactive decay in Sections 1.3 
and 3.1 we assumed that the rate of decay was proportional to the number A(t) of 
nuclei of the substance present at time t. When a substance decays by radioactivity, 
it usually doesn't just transmute in one step into a stable substance; rather, the first 
substance decays into another radioactive substance, which in turn decays into a 
third substance, and so on. This process, called a radioactive decay series, con- 
tinues until a stable element is reached. For example, the uranium decay series is 
U-238 — Th-234 — - - - — Pb-206, where Pb-206 is a stable isotope of lead. 
The half-lives of the various elements in a radioactive series can range from 
billions of years (4.5 X 10? years for U-238) to a fraction of a second. Suppose a 
radioactive series is described schematically by X > yo Z, where kj = —A, < 0 
and k; = —A» < 0 are the decay constants for substances X and Y, respectively, 
and Z is a stable element. Suppose, too, that x(t), y(t), and z(t) denote amounts of 
substances X, Y, and Z, respectively, remaining at time f. The decay of element X is 
described by 


dx 
dt 


= — Àz, 
whereas the rate at which the second element Y decays is the net rate 


dy 
— = Àx Ay, 
dt ee Aay 


since Y is gaining atoms from the decay of X and at the same time losing atoms 
because of its own decay. Since Zis a stable element, it is simply gaining atoms from 
the decay of element Y: 


dt 
In other words, a model of the radioactive decay series for three elements is the lin- 
ear system of three first-order differential equations 


2 e ed 

dt s 

dy 

P7 = x — My (2) 
dz 

Eaa Àn 

dt xd 


MIXTURES Consider the two tanks shown in Figure 3.3.1. Let us suppose for the 
sake of discussion that tank A contains 50 gallons of water in which 25 pounds of salt 
is dissolved. Suppose tank B contains 50 gallons of pure water. Liquid is pumped 
into and out of the tanks as indicated in the figure; the mixture exchanged between 
the two tanks and the liquid pumped out of tank B are assumed to be well stirred. 
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pure water mixture 
3 gal/min 1 gal/min 


mixture mixture 
4 gal/min 3 gal/min 


FIGURE 3.3.1 Connected mixing tanks 


We wish to construct a mathematical model that describes the number of pounds x(t) 
and x(t) of salt in tanks A and B, respectively, at time f. 

By an analysis similar to that on page 23 in Section 1.3 and Example 5 of 
Section 3.1 we see that the net rate of change of x,(t) for tank A is 


input rate output rate 
of salt of salt 
E P * F A N 
dx, i . X5 . X1 
—- = (3 gal/min) : (0 Ib/gal) + (1 gal/min) * | = Ib/gal| — (4 gal/min) * | — Ib/gal 
dt 50 50 
"HE E 
EC a 


Similarly, for tank B the net rate of change of x2(f) is 


dx, = fs X1 3. X5 js X5 
dt 50 50 50 
2 2 
= 25”! = 75°?" 
Thus we obtain the linear system 
dx, 2 1 
= SS a 
dt 25 50 à 
dx, m 2 2 ( ) 
dà 2^ $m 


Observe that the foregoing system is accompanied by the initial conditions x;(0) = 25, 
x2(0) = 0. 


A PREDATOR-PREY MODEL Suppose that two different species of animals 
interact within the same environment or ecosystem, and suppose further that the 
first species eats only vegetation and the second eats only the first species. In other 
words, one species is a predator and the other is a prey. For example, wolves hunt 
grass-eating caribou, sharks devour little fish, and the snowy owl pursues an arctic 
rodent called the lemming. For the sake of discussion, let us imagine that the preda- 
tors are foxes and the prey are rabbits. 

Let x(t) and y(t) denote the fox and rabbit populations, respectively, at time f. 
If there were no rabbits, then one might expect that the foxes, lacking an adequate 


food supply, would decline in number according to 
m >0 (4) 
3i ax, a i 


When rabbits are present in the environment, however, it seems reasonable that the 
number of encounters or interactions between these two species per unit time is 
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population 


FIGURE 3.3.2 Populations of 
predators (red) and prey (blue) appear to 
be periodic 


jointly proportional to their populations x and y — that is, proportional to the product 
xy. Thus when rabbits are present, there is a supply of food, so foxes are added to the 
system at a rate bxy, b — 0. Adding this last rate to (4) gives a model for the fox 
population: 


LT tb (5) 
an 9 xy. 


On the other hand, if there were no foxes, then the rabbits would, with an added 
assumption of unlimited food supply, grow at a rate that is proportional to the num- 
ber of rabbits present at time t: 


— = dy, d> 0. (6) 
But when foxes are present, a model for the rabbit population is (6) decreased by 
cxy, c > 0—that is, decreased by the rate at which the rabbits are eaten during their 
encounters with the foxes: 


— = dy — cxy. (7) 


Equations (5) and (7) constitute a system of nonlinear differential equations 


B oie + bxy = x(—a + by) 

21" ax xy = x(-a y 

r (8) 
a 7 dy — exy = yd - cx), 


where a, b, c, and d are positive constants. This famous system of equations is known 
as the Lotka-Volterra predator-prey model. 

Except for two constant solutions, x(t) = 0, y(t) = 0 and x(f) = d/c, y(t) = a/b, 
the nonlinear system (8) cannot be solved in terms of elementary functions. However, 
we can analyze such systems quantitatively and qualitatively. See Chapter 9, 
“Numerical Solutions of Ordinary Differential Equations,” and Chapter 10, “Plane 
Autonomous Systems."" 


l EXAMPLE 1 Predator-Prey Model 


Suppose 
dx 
— = —0.16x + 0.08xy 
dt 
EE: 4.5y — 0.9 
dr iy Ixy 


represents a predator-prey model. Because we are dealing with populations, we have 
x(t) = 0, y(t) = 0. Figure 3.3.2, obtained with the aid of a numerical solver, shows typ- 
ical population curves of the predators and prey for this model superimposed on the 
same coordinate axes. The initial conditions used were x(0) = 4, y(0) = 4. The curve 
in red represents the population x(t) of the predators (foxes), and the blue curve is 
the population y(7) of the prey (rabbits). Observe that the model seems to predict that 
both populations x(t) and y(t) are periodic in time. This makes intuitive sense because 
as the number of prey decreases, the predator population eventually decreases because 
of a diminished food supply; but attendant to a decrease in the number of predators is 
an increase in the number of prey; this in turn gives rise to an increased number of 
predators, which ultimately brings about another decrease in the number of prey. — B 


"Chapters 10-15 are in the expanded version of this text, Differential Equations with Boundary-Value 
Problems. 


Az By C; 


FIGURE 3.3.3 Network whose model 
is given in (17) 
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COMPETITION MODELS Now suppose two different species of animals occupy 
the same ecosystem, not as predator and prey but rather as competitors for the same 
resources (such as food and living space) in the system. In the absence of the other, 
let us assume that the rate at which each population grows is given by 


d. d 
Y — ax and FA = cy, (9) 
respectively. 
Since the two species compete, another assumption might be that each of these 
rates is diminished simply by the influence, or existence, of the other population. 
Thus a model for the two populations is given by the linear system 


d 
ies tee 

10 
P ; (10) 
— — cy — dx, 
dt d 


where a, b, c, and d are positive constants. 

On the other hand, we might assume, as we did in (5), that each growth rate in 
(9) should be reduced by a rate proportional to the number of interactions between 
the two species: 


d 

E — ax — bxy 

dy : - (11) 
di cy Xy. 


Inspection shows that this nonlinear system is similar to the Lotka-Volterra predator- 
prey model. Finally, it might be more realistic to replace the rates in (9), which 
indicate that the population of each species in isolation grows exponentially, with rates 
indicating that each population grows logistically (that is, over a long time the popu- 
lation is bounded): 
LL ax — bx? and B 
dt dt 


When these new rates are decreased by rates proportional to the number of interac- 
tions, we obtain another nonlinear model: 


ay — boy’. (12) 


d. 
E —dqx—Ax—esy—3au ^59) 
(13) 
dy $ 
a = my — by? — eyxy = ya, — bzy — e3x), 


where all coefficients are positive. The linear system (10) and the nonlinear systems 
(11) and (13) are, of course, called competition models. 


NETWORKS An electrical network having more than one loop also gives rise to 
simultaneous differential equations. As shown in Figure 3.3.3, the current i,(f) splits 
in the directions shown at point Bı, called a branch point of the network. By 
Kirchhoff's first law we can write 


ii(t) = bC) + iD). (14) 
We can also apply Kirchhoff's second law to each loop. For loop A1B41B5A25A1, 
summing the voltage drops across each part of the loop gives 
l di ,. 
E(t) = iR, + Lint + DR. (15) 
Similarly, for loop A,B,C,C2B2A2A, we find 


E(t) = QR, + L—. 16 
(t) ur ? di (16) 
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Using (14) to eliminate i; in (15) and (16) yields two linear first-order equations for 
the currents /(f) and i(t): 


FIGURE 3.3.4 Network whose 


model is given in (18) 


di, 
Li F (R, + Rjji; + Ri; = E(t) 
(17) 
pes Ri + Ri; = EO 
a l5 B= 5 
? dt Qa 113 


We leave it as an exercise (see Problem 14) to show that the system of differential 
equations describing the currents 7;(f) and i2(t) in the network containing a resistor, an 
inductor, and a capacitor shown in Figure 3.3.4 is 


A 
Lb +Ri, =EO 
dt 
" (18) 
l5 
RCT + I — l = 


| | EXERCISES 3.3 


Answers to selected odd-numbered problems begin on page ANS-4. 


Radioactive Series 


1. We have not discussed methods by which systems 
of first-order differential equations can be solved. 
Nevertheless, systems such as (2) can be solved with no 
knowledge other than how to solve a single linear first- 
order equation. Find a solution of (2) subject to the 
initial conditions x(0) = xo, y(0) = 0, z(0) = 0 


2. In Problem 1 suppose that time is measured in days, 
that the decay constants are Kk, = —0.138629 and 
ky = —0.004951, and that xo = 20. Use a graphing utility 
to obtain the graphs of the solutions x(t), y(£), and z(t) 
on the same set of coordinate axes. Use the graphs to 
approximate the half-lives of substances X and Y. 


3. Use the graphs in Problem 2 to approximate the times 
when the amounts x(t) and y(t) are the same, the 
times when the amounts x(t) and z(t) are the same, and 
the times when the amounts y(t) and z(t) are the same. 
Why does the time that is determined when the amounts 
y(t) and z(t) are the same make intuitive sense? 


4. Construct a mathematical model for a radioactive series 
of four elements W, X, Y, and Z, where Z is a stable 
element. 


Mixtures 


5. Consider two tanks A and B, with liquid being pumped in 
and out at the same rates, as described by the system of 
equations (3). What is the system of differential equations 
if, instead of pure water, a brine solution containing 
2 pounds of salt per gallon is pumped into tank A? 


6. Use the information given in Figure 3.3.5 to construct a 
mathematical model for the number of pounds of salt 
xı(t), X2(t), and x3(f) at time t in tanks A, B, and C, 
respectively. 


pure water mixture mixture 
4 — 2 — 1 n 
T gal T gal T gal 
————— ————— 
mixture mixture mixture 
6 gal/min 5 gal/min 4 gal/min 


FIGURE 3.3.5 Mixing tanks in Problem 6 


7. Two very large tanks A and B are each partially filled 
with 100 gallons of brine. Initially, 100 pounds of salt 
is dissolved in the solution in tank A and 50 pounds of 
salt is dissolved in the solution in tank B. The system 
is closed in that the well-stirred liquid is pumped only 
between the tanks, as shown in Figure 3.3.6. 


mixture 
3 gal/min 


mixture 
2 gal/min 


FIGURE 3.3.6 Mixing tanks in Problem 7 


(a) Use the information given in the figure to construct 
a mathematical model for the number of pounds 
of salt x4(f) and x»(t) at time ¢ in tanks A and B, 
respectively. 
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(b) Find a relationship between the variables xj(f) 
and x»5(f) that holds at time ¢ Explain why this 
relationship makes intuitive sense. Use this rela- 
tionship to help find the amount of salt in tank B at 
t — 30 min. 


8. Three large tanks contain brine, as shown in Figure 3.3.7. 
Use the information in the figure to construct a mathe- 
matical model for the number of pounds of salt x,(4), 
x»(t), and x3(f) at time t in tanks A, B, and C, respectively. 
Without solving the system, predict limiting values of 
X1(f), X2(f), and xa(f) as t — oc. 


pure water 
4 gal/min 


mixture 
4 gal/min 


mixture 
4 gal/min 


FIGURE 3.3.7 Mixing tanks in Problem 8 


Predator-Prey Models 


9. Consider the Lotka-Volterra predator-prey model 
defined by 


E = —0.1x + 0.02xy 
dt 
a. = 0.2y — 0.025xy, 
dt 


where the populations x(t) (predators) and y(t) (prey) 
are measured in thousands. Suppose x(0) = 6 and 
y(0) = 6. Use a numerical solver to graph x(t) and y(®). 
Use the graphs to approximate the time tf > 0 when 
the two populations are first equal. Use the graphs to 
approximate the period of each population. 


Competition Models 


10. Consider the competition model defined by 
dx 
dt 


y y — oly — 03) 
35 3» ly 3x); 


= x(2 — 0.4x — 0.3y) 


where the populations x(t) and y(t) are measured in 
thousands and f in years. Use a numerical solver to 
analyze the populations over a long period of time for 
each of the following cases: 

(a) x(0) = L5, y(0) =3.5 

(b) x0 21, yO)=1 

(c) x0) 22, yO)=7 

(d) x(0) = 4.5, y(0)— 0.5 


mixture 
4 gal/min 


11. Consider the competition model defined by 


dx 

di = x(1 — 0.1x — 0.05y) 
dy 

di = y(1.7 = 0.1y = 0.15x), 


where the populations x(f) and y(t) are measured in 
thousands and f in years. Use a numerical solver to 
analyze the populations over a long period of time for 
each of the following cases: 

(a) x02 Ll, yO)=1 

(b) x(0) 2 4, y(0) = 10 

(c) x0) =9, yO) =4 

(d) x(0) = 5.5, y(0)— 3.5 


Networks 


12. Show that a system of differential equations that 
describes the currents i(f) and i3(f) in the electrical 
network shown in Figure 3.3.8 is 


3. uh 
LAL + Ry, = EO 


dt 
di d, 1 

eR 42656. 
dt dt C^ 


FIGURE 3.3.8 Network in Problem 12 


13. Determine a system of first-order differential equations 
that describes the currents i2(f) and i3(t) in the electrical 
network shown in Figure 3.3.9. 


FIGURE 3.3.9 Network in Problem 13 


14. Show that the linear system given in (18) describes 
the currents i,(f) and i(t) in the network shown in 
Figure 3.3.4. [Hint: dq/dt = i3.] 


112 


e CHAPTER 3 MODELING WITH FIRST-ORDER DIFFERENTIAL EQUATIONS 


Additional Nonlinear Models 


15. 


SIR Model A communicable disease is spread through- 
out a small community, with a fixed population of n peo- 
ple, by contact between infected individuals and people 
who are susceptible to the disease. Suppose that everyone 
is initially susceptible to the disease and that no one leaves 
the community while the epidemic is spreading. At time f, 
let s(t), i(t), and r(t) denote, in turn, the number of people 
in the community (measured in hundreds) who are sus- 
ceptible to the disease but not yet infected with it, the 
number of people who are infected with the disease, and 
the number of people who have recovered from the dis- 
ease. Explain why the system of differential equations 


ds 

— = —k, si 

dt 

a kick 
— = i si 
di 2 1 
dr 

— = khi, 

da 7 


where kı (called the infection rate) and k» (called the 
removal rate) are positive constants, is a reasonable 
mathematical model, commonly called a SIR model, 
for the spread of the epidemic throughout the commu- 
nity. Give plausible initial conditions associated with 
this system of equations. 


16. (a) In Problem 15, explain why it is sufficient to 
analyze only 
ds . 
— = —k, si 
dt 
di 
a = hi + ksi. 
dt E 


(b) Suppose kı = 0.2, ky = 0.7, and n = 10. Choose 
various values of i(0) — ig O «ig < 10. Use a 
numerical solver to determine what the model pre- 
dicts about the epidemic in the two cases so > k2/kı 
and so S k2/k,. In the case of an epidemic, estimate 
the number of people who are eventually infected. 


Project Problems 


17. 


Concentration of a Nutrient Suppose compartments 
A and B shown in Figure 3.3.10 are filled with fluids and 


fluid at fluid at 
concentration concentration 
x(t) x) 
— — 
—— 
A B 
Be 
+ 
membrane 


FIGURE 3.3.10 Nutrient flow through a membrane in 


Problem 17 


18. 


19. 


20. 


FIGURE 3.3.11 


are separated by a permeable membrane. The figure is 
a compartmental representation of the exterior and 
interior of a cell. Suppose, too, that a nutrient necessary 
for cell growth passes through the membrane. A model 
for the concentrations x(t) and y(t) of the nutrient in 
compartments A and B, respectively, at time f is given by 
the linear system of differential equations 


dx K 
a y 
dy K 
a v," y), 


where V4 and Vg are the volumes of the compartments, 
and « > 0 is a permeability factor. Let x(0) = xo and 
y(0) = yo denote the initial concentrations of the nutri- 
ent. Solely on the basis of the equations in the system 
and the assumption xo > yo > 0, sketch, on the same set 
of coordinate axes, possible solution curves of the sys- 
tem. Explain your reasoning. Discuss the behavior of 
the solutions over a long period of time. 


The system in Problem 17, like the system in (2), can be 
solved with no advanced knowledge. Solve for x(t) and 
y(t) and compare their graphs with your sketches in 
Problem 17. Determine the limiting values of x(t) and 
y(t) as t — cc. Explain why the answer to the last ques- 
tion makes intuitive sense. 


Solely on the basis of the physical description of the 
mixture problem on page 107 and in Figure 3.3.1, dis- 
cuss the nature of the functions x;(f) and x2(t). What is 
the behavior of each function over a long period of 
time? Sketch possible graphs of xı(t) and x2(t). Check 
your conjectures by using a numerical solver to obtain 
numerical solution curves of (3) subject to the initial 
conditions x;(0) = 25, x2(0) = 0. 


Newton’s Law of Cooling/Warming As shown in 
Figure 3.3.11, a small metal bar is placed inside con- 
tainer A, and container A then is placed within a much 
larger container B. As the metal bar cools, the ambient 
temperature T4(f) of the medium within container A 
changes according to Newton’s law of cooling. As con- 
tainer A cools, the temperature of the medium inside 
container B does not change significantly and can be 
considered to be a constant Tg. Construct a mathematical 


container B 


container A 


metal 
bar 


TA (0) 


Tg - constant 


Container within a container in Problem 20 


model for the temperatures T(t) and T4(t), where 7(1) is 
the temperature of the metal bar inside container A. As in 
Problems 1 and 18, this model can be solved by using 
prior knowledge. Find a solution of the system subject to 
the initial conditions 7(0) = To, T4(0) = T). 


Contributed Problem Michael Prophet, Ph.D 
Doug Shaw, Ph.D 
Associate Professors 
Mathematics Department 


University of Northern lowa 


21. A Mixing Problem A 
pair of tanks are connected 
as shown in Figure 3.3.12. 
At t = 0, tank A contains 
500 liters of liquid, 200 of which are ethanol, and tank B 
contains 100 liters of liquid, 7 of which are ethanol. 
Beginning at t = 0, 3 liters of 20% ethanol solution are 
added per minute. An additional 2 L/min are pumped 
from tank B back into tank A. The result is continuously 
mixed, and 5 L/min are pumped into tank B. The con- 
tents of tank B are also continuously mixed. In addition 
to the 2 liters that are returned to tank A, 3 L/min are dis- 
charged from the system. Let P(t) and Q(t) denote the 
number of liters of ethanol in tanks A and B at time t. We 
wish to find P(r). Using the principle that 


rate of change — input rate of ethanol — output rate of ethanol, 


we obtain the system of first-order differential equations 


dP _ Q go Q P 
xo2 «x ) (a) 0.6 + (19) 


dt 100 50 100 
B= sie) - soc) " x 

- - ; 9 
ar 4500) X100) 100 20 en 


(a) Qualitatively discuss the behavior of the system. 
What is happening in the short term? What happens 
in the long term? 
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ethanol solution mixture 
3 L/min 5 L/min 
A B 
500 liters 100 liters 
mixture mixture 
2 L/min 3 L/min 


FIGURE 3.3.12 Mixing tanks in Problem 21 


(b) We now attempt to solve this system. When (19) is 
differentiated with respect to t, we obtain 

dP 1dQ 

dt? 50 dt 


1 dP 
100 dt’ 


Substitute (20) into this equation and simplify. 


(c) Show that when we solve (19) for Q and substitute 
it into our answer in part (b), we obtain 


d?P dP 3 
100 + 6 T 


(d) We are given that P(0)- 200. Show that 
P'(0) — -$8. Then solve the differential equation in 
part (c) subject to these initial conditions. 


(e) Substitute the solution of part (d) back into (19) and 
solve for Q(t). 


(f) What happens to P(t) and Q(t) as t — ©? 
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Answers to selected odd-numbered problems begin on page ANS-4. 


Answer Problems 1 and 2 without referring back to the text. 
Fill in the blank or answer true or false. 


1. If P(t) = Poe" gives the population in an environment 
at time f, then a differential equation satisfied by P(t) 
is 

2. If the rate of decay of a radioactive substance is 
proportional to the amount A(f) remaining at time f, then 
the half-life of the substance is necessarily T = — (In 2)/ Kk. 
The rate of decay of the substance at time t = T is one- 
half the rate of decay at t = 0. 


3. In March 1976 the world population reached 4 billion. 
At that time, a popular news magazine predicted that 
with an average yearly growth rate of 1.8%, the world 
population would be 8 billion in 45 years. How does this 
value compare with the value predicted by the model 


that assumes that the rate of increase in population is 
proportional to the population present at time t? 


4. Air containing 0.06% carbon dioxide is pumped into a 
room whose volume is 8000 ft?. The air is pumped in at 
a rate of 2000 ft?/min, and the circulated air is then 
pumped out at the same rate. If there is an initial con- 
centration of 0.296 carbon dioxide in the room, deter- 
mine the subsequent amount in the room at time t. What 
is the concentration of carbon dioxide at 10 minutes? 
What is the steady-state, or equilibrium, concentration 
of carbon dioxide? 


5. Solve the differential equation 
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of the tractrix. See Problem 26 in Exercises 1.3. Assume 
that the initial point on the y-axis in (0, 10) and that the 
length of the rope is x = 10 ft. 


Suppose a cell is suspended in a solution containing a 
solute of constant concentration C,. Suppose further 
that the cell has constant volume V and that the area of 
its permeable membrane is the constant A. By Fick’s 
law the rate of change of its mass m is directly propor- 
tional to the area A and the difference C, — C(t), where 
C(t) is the concentration of the solute inside the cell 
at time f. Find C(t) if m = V: C(t) and C(O) = Co. See 
Figure 3.R.1. 


concentration 


molecules of solute 
E diffusing through 
— cell membrane 


FIGURE 3.R.1 Cell in Problem 6 


Suppose that as a body cools, the temperature of the 

surrounding medium increases because it completely 

absorbs the heat being lost by the body. Let T(t) and 

Tm(t) be the temperatures of the body and the medium 

at time f, respectively. If the initial temperature of the 

body is 7; and the initial temperature of the medium 
is 75, then it can be shown in this case that Newton's 
law of cooling is dT/dt = k(T — Tm), k < 0, where 

T, = T; + B(T; — T), B > Oisaconstant. 

(a) The foregoing DE is autonomous. Use the phase 
portrait concept of Section 2.1 to determine the 
limiting value of the temperature T(t) as t — oc. 
What is the limiting value of T(t) as t — œ? 

(b) Verify your answers in part (a) by actually solving 
the differential equation. 

(c) Discuss a physical interpretation of your answers in 
part (a). 


. According to Stefan's law of radiation the absolute 


temperature T of a body cooling in a medium at constant 
absolute temperature T, is given by 


dT 
— k(T* m T 
dt 


where k is a constant. Stefan's law can be used over a 

greater temperature range than Newton's law of cooling. 

(a) Solve the differential equation. 

(b) Show that when T — Tm is small in comparison to 
Tm then Newton's law of cooling approximates 


Stefan's law. [Hint: Think binomial series of the 
right-hand side of the DE.] 


9. 


10. 


11. 


12. 


An LR series circuit has a variable inductor with the 
inductance defined by 


1 e 
L(t) = 10 
0, t= 10. 


Find the current i(f) if the resistance is 0.2 ohm, the 
impressed voltage is E(t) = 4, and i(0) = 0. Graph i(t). 


A classical problem in the calculus of variations is to 
find the shape of a curve € such that a bead, under the 
influence of gravity, will slide from point A(0, 0) to 
point B(x, yı) in the least time. See Figure 3.R.2. It can 
be shown that a nonlinear differential for the shape y(x) 
of the path is y[1 + (»] = k, where k is a constant. 
First solve for dx in terms of y and dy, and then use the 
substitution y = k sin?0 to obtain a parametric form of 
the solution. The curve © turns out to be a cycloid. 


Y 


B(x, yp 


FIGURE 3.R.2 Sliding bead in Problem 10 


A model for the populations of two interacting species 
of animals is 


d 

- = kyx(a — x) 
dy 

di = koxy. 


Solve for x and y in terms of t. 


Initially, two large tanks A and B each hold 100 gallons 
of brine. The well-stirred liquid is pumped between the 
tanks as shown in Figure 3.R.3. Use the information 
given in the figure to construct a mathematical model 
for the number of pounds of salt x;(4) and x»(t) at time t 
in tanks A and B, respectively. 


2 ]b/gal mixture 
7 gal/min 5 gal/min 
———— G ry 

(p c 
A B 
100 gal 100 gal 

mixture mixture mixture 

3 gal/min 1 gal/min 4 gal/min 


FIGURE 3.R.3 Mixing tanks in Problem 12 


When all the curves in a family G(x, y, c1) = 0 intersect 
orthogonally all the curves in another family H(x, y, c2) = 0, 
the families are said to be orthogonal trajectories of each 
other. See Figure 3.R.4. If dy/dx = f(x, y) is the differential 
equation of one family, then the differential equation for the 
orthogonal trajectories of this family is dy/dx = —1/f(x, y). 
In Problems 13 and 14 find the differential equation of the 
given family. Find the orthogonal trajectories of this family. 
Use a graphing utility to graph both families on the same set 
of coordinate axes. 


G(x, y, c1) = 0 


tangents 


A(x, y, C2) 20 
FIGURE 3.R.4 Orthogonal trajectories 


13. y= —-x-1+c\e* 14. y= 
KF Cy 


Contributed Problem David Zeigler 

Assistant Professor 
15. Aquifers and Darcy’s UAE. 
Law According to the | csu sacramento 
Sacramento, California, 
Department of Utilities, approximately 15% of the water 
source for Sacramento comes from aquifers. Unlike 
water sources such as rivers or lakes that lie above 
ground, an aquifer is an underground layer of a porous 
material that contains water. The water may reside in the 
void spaces between rocks or in the cracks of the rocks. 
Because of the material lying above, the water is sub- 
jected to pressure that drives the fluid motion. 

Darcy's law is a generalized relationship to describe 
the flow of a fluid through a porous medium. It shows the 
flow rate of a fluid through a container as a function of 
the cross sectional area, elevation and fluid pressure. The 
configuration that we will consider in this problem is 
what is called a one-dimensional flow problem. Consider 
the flow column as shown in Figure 3.R.5. As indicated 
by the arrows, the fluid flow is from left to right through 
a container with a circular cross section. The container 
is filled with a porous material (for example, pebbles, 
sand, or cotton) that allows for the fluid to flow. At the 
entrance and the exit of the container are piezometers 
that measure the hydraulic head, that is, the water pres- 
sure per unit weight, by reporting the height of the water 
column. The difference in the water heights in the 
pizeometers is denoted AA. For this configuration Darcy 
experimentally calculated that 


uasa 
L 
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where length is measured in meters (m) and time in 
seconds (s): 


Q = volumetric flow rate (m?/s) 

A = cross-sectional flow area, perpendicular to the 
flow direction (m?) 

K = hydraulic conductivity (m/s) 

L = flow path length (m) 

Ah — hydraulic head difference (m). 


Since the hydraulic head at a specific point is the sum of 
the pressure head and the elevation, the flow rate can be 


Tew ritten as 
| | 
p E 


L 


Q=AK 


> 


where 


p = water pressure (N/m?) 

p = water density (kg/m?) 

g — gravitational acceleration (m/s?) 
y — elevation (m). 


A more general form of the equation results when the 
limit of AA with respect to the flow direction (x as shown 
in Figure 3.R.5) is evaluated as the flow path length 
L — 0. Performing this calculation yields 


d|p 
Q = -AK S +y], 
dx | p8 


where the sign change reflects the fact that the hydraulic 
head always decreases in the direction of flow. The 
volumetric flow per unit area is called the Darcy flux q 
and is defined by the differential equation 


DOE - d|p 
7 A E n [2 : >} m 


where q is measured in m/s. 


(a) Assume that the fluid density p and the Darcy flux q 
are functions of x. Solve (1) for the pressure p. You 
may assume that K and g are constants. 


(b) Suppose the Darcy flux is negatively valued, that is, 
q « 0. What does this say about the ratio p/p? 
Specifically, is the ratio between the pressure and 
the density increasing or decreasing with respect 
to x? Assume that the elevation y of the cylinder is 
fixed. What can be said about the ratio p/p if the 
Darcy flux is zero? 


(c 


— 


Assume that the fluid density p is constant. Solve 
(1) for the pressure p(x) when the Darcy flux is pro- 
portional to the pressure, that is, q = ap, where a is 
a constant of proportionality. Sketch the family of 
solutions for the pressure. 

(d) Now if we assume that the pressure p is constant 
but the density p is a function of x, then Darcy flux 
is a function of x. Solve (1) for the density p(x). 


116 


° CHAPTER 3 MODELING WITH FIRST-ORDER DIFFERENTIAL EQUATIONS 


Solve (1) for the density p(x) when the Darcy flux is 
proportional to the density, g = Bp, where B is a 
constant of proportionality. 


(e 


— 


Assume that the Darcy flux is g(x) = sine * and the 
density function is 
1 


POT a n+ ay 


Use a CAS to plot the pressure p(x) over the interval 
0 <x x 27. Suppose that K/g = —1 and that the 
pressure at the left end point (x = 0) is normalized 
to l. Assume that the elevation y is constant. 
Explain the physical implications of your result. 


FIGURE 3.R.5 Flow in Problem 15 


Contributed Problem 


16. 


Michael Prophet, Ph.D 
Doug Shaw, Ph.D 
Associate Professors 
Mathematics Department 
University of Northern lowa 


Population Growth 
Models We can use direc- 
tion fields to obtain a great 
deal of information about population growth models. 
In this problem you can create direction fields by hand 
or use a computer algebra system to create detailed ones. 
At time f = O a thin sheet of water begins pouring 
over the concrete spillway of a dam. At the same time, 
1000 algae are attached to the spillway. We will be mod- 
eling P(t), the number of algae (in thousands) present 
after t hours. 

Exponential Growth Model: We assume that 
the rate of population change is proportional to the 
population present: dP/dt = KP. In this particular case 
take k — + 


(a) Create a direction field for this differential equation 
and sketch the solution curve. 


(b) Solve this differential equation and graph the solu- 
tion. Compare your graph to the sketch from part (a). 


(c) Describe the equilibrium solutions of this auto- 
nomous differential equation. 


(d) According to this model, what happens as t — o? 


(e) In our model, P(0) — 1. Describe how a change in 
P(0) would affect the solution. 


(f) Consider the solution corresponding to P(0) = 0. 
How would a small change in P(0) affect that 
solution? 


Logistic Growth Model: As you saw in part 

(d), the exponential growth model above becomes 
unrealistic for very large t. What limits the algae 
population? Assume that the water flow provides a 
steady source of nutrients and carries away all waste 
materials. In that case the major limiting factor is 
the area of the spillway. We might model this as 
follows: Each algae-algae interaction stresses the 
organisms involved. This causes additional morta- 
lity. The number of such possible interactions is 
proportional to the square of the number of organ- 
isms present. Thus a reasonable model would be 

9E = kP — mP, 

dt 
where k and m are positive constants. In this partic- 
ular case take k — 5 and m = z 
Create a direction field for this differential equation 
and sketch the solution curve. 


— 


(g 


(h) Solve this differential equation and graph the solu- 
tion. Compare your graph to the sketch from part (g). 


(i) Describe the equilibrium solutions of this auto- 
nomous differential equation. 


(j) According to this model, what happens as t — ©? 


(k) In our model, P(0) — 1. Describe how a change in 
P(0) would affect the solution. 


(1) Consider the solution corresponding to P(0) = 0. 
How would a small change in P(0) affect that 
solution? 


(m) Consider the solution corresponding to P(0) = k/m. 
How would a small change in P(0) affect that 
solution? 


A Nonautonomous Model: Suppose that the 
flow of water across the spillway is decreasing in time, 
so the prime algae habitat also shrinks in time. This 
would increase the effect of crowding. A reasonable 
model now would be 

dP 

— = kP — m(1 + nt)P?, 

dt 
where n would be determined by the rate at which the 
spillway is drying. In our example, take k and m as 
above and n — n. 
(n) Create a direction field for this differential equation 

and sketch the solution curve. 


(0) Describe the constant solutions of this nonauto- 
nomous differential equation. 


(p) According to this model, what happens as t — oo? 
What happens if you change the value of P(0)? 
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CHAPTER 4 IN REVIEW 


We turn now to the solution of ordinary differential equations of order two or 


higher. In the first seven sections of this chapter we examine the underlying theory 


and solution methods for certain kinds of /inear equations. The elimination method 


for solving systems of linear equations is introduced in Section 4.8 because this 


method simply uncouples a system into individual linear equations in each 


dependent variable. The chapter concludes with a brief examinations of nonlinear 


higher-order equations. 
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4.1 


PRELIMINARY THEORY—LINEAR EQUATIONS 


INTRODUCTION 
by recognizing them as separable, linear, exact, homogeneous, or perhaps Bernoulli equations. Even 
though the solutions of these equations were in the form of a one-parameter family, this family, 
with one exception, did not represent the general solution of the differential equation. Only in the 
case of linear first-order differential equations were we able to obtain general solutions, by paying 
attention to certain continuity conditions imposed on the coefficients. Recall that a general solution 
is a family of solutions defined on some interval J that contains all solutions of the DE that are 
defined on /. Because our primary goal in this chapter is to find general solutions of linear higher-order 
DEs, we first need to examine some of the theory of linear equations. 


REVIEW MATERIAL 


e Reread the Remarks at the end of Section 1.1 
e Section 2.3 (especially pages 54—58) 


In Chapter 2 we saw that we could solve a few first-order differential equations 


4.1.1 INITIAL-VALUE AND BOUNDARY-VALUE 
PROBLEMS 


INITIAL-VALUE PROBLEM In Section 1.2 we defined an initial-value problem 
for a general nth-order differential equation. For a linear differential equation an 
nth-order initial-value problem is 


d" d" d 

Solve: a(x) a, 4) + a) S + aay = gQ) 
dx* dx” dx 

Subject to: Yao) = y» Y'o) —9 yi... YOO) = yu. 


Recall that for a problem such as this one we seek a function defined on some interval 
I, containing xo, that satisfies the differential equation and the n initial conditions 
specified at xo: y(xo) = yo, y'(xo) = yr ..., y" P(xg) = Yn—1. We have already seen 
that in the case of a second-order initial-value problem a solution curve must pass 
through the point (xo, yo) and have slope y; at this point. 


EXISTENCE AND UNIQUENESS In Section 1.2 we stated a theorem that gave 
conditions under which the existence and uniqueness of a solution of a first-order 
initial-value problem were guaranteed. The theorem that follows gives sufficient 
conditions for the existence of a unique solution of the problem in (1). 


THEOREM 4.1.1 Existence of a Unique Solution 


Let a(x), an-1(x), . . . , (Xx), ao(x) and g(x) be continuous on an interval 7 
and let a,(x) # 0 for every x in this interval. If x = xo is any point in this 
interval, then a solution y(x) of the initial-value problem (1) exists on the 
interval and is unique. 


[ EXAMPLE 1 Unique Solution of an IVP 


The initial-value problem 


3y”+ S5y”—y' + 7y=0, y)=0, y(D=0, y()=0 


solutions of the DE 
ya 


(b, y) 


x 


FIGURE 4.1.1 Solution curves of a 
BVP that pass through two points 
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possesses the trivial solution y = 0. Because the third-order equation is linear with 
constant coefficients, it follows that all the conditions of Theorem 4.1.1 are fulfilled. 
Hence y = 0 is the only solution on any interval containing x = 1. E 


I EXAMPLE 2 Unique Solution of an IVP 


You should verify that the function y = 3e^' + e ° — 3x is a solution of the initial- 
value problem 


y"—4y= 12x, y(00—-4, y'(0) - I. 


Now the differential equation is linear, the coefficients as well as g(x) — 12x are 
continuous, and a2(x) = 1 # 0 on any interval J containing x = 0. We conclude from 
Theorem 4.1.1 that the given function is the unique solution on /. a 


The requirements in Theorem 4.1.1 that a;(x), i = 0, 1, 2,..., be continuous 
and a; (x) # 0 for every x in / are both important. Specifically, if a,(x) = 0 for some x 
in the interval, then the solution of a linear initial-value problem may not be unique 
or even exist. For example, you should verify that the function y = cx? + x + 3isa 
solution of the initial-value problem 


xy" — 2xy' +2y=6, y00 23, yO=1 


on the interval (— o, o») for any choice of the parameter c. In other words, there is no 
unique solution of the problem. Although most of the conditions of Theorem 4.1.1 
are satisfied, the obvious difficulties are that a»(x) = x? is zero at x = 0 and that the 
initial conditions are also imposed at x = 0. 


BOUNDARY-VALUE PROBLEM Another type of problem consists of solving a 
linear differential equation of order two or greater in which the dependent variable y 
or its derivatives are specified at different points. A problem such as 


d? d 
Solve: a(x) 2 Fa A ayx)y = g(x) 
dx* dx 


Subject to: y(a) = Yo, y(b)= yı 


is called a boundary-value problem (BVP). The prescribed values y(a) = yo and 
y(b) = yı are called boundary conditions. A solution of the foregoing problem is a 
function satisfying the differential equation on some interval /, containing a and b, 
whose graph passes through the two points (a, yo) and (b, y1). See Figure 4.1.1. 

For a second-order differential equation other pairs of boundary conditions 
could be 


y'(a) = yo, y(b) = yı 
ya) = yo yo=y, 
y'a) =y, yb) =y, 


where yo and yı denote arbitrary constants. These three pairs of conditions are just 
special cases of the general boundary conditions 


aœy(a) + Biy'(a) = y 
aœy(b) + B2y'(b) = ys. 


The next example shows that even when the conditions of Theorem 4.1.1 are 
fulfilled, a boundary-value problem may have several solutions (as suggested in 
Figure 4.1.1), a unique solution, or no solution at all. 
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FIGURE 4.1.2 Some solution curves 
of (3) 


l EXAMPLE 3 A BVP Can Have Many, One, or No Solutions 


In Example 4 of Section 1.1 we saw that the two-parameter family of solutions of the 
differential equation x” + 16x = 0 is 


x = c, cos 4t + c sin 4t. (2) 


(a) Suppose we now wish to determine the solution of the equation that further 
satisfies the boundary conditions x(0) = 0, x(7/2) = 0. Observe that the first 
condition 0 = c, cos 0 + c»; sin 0 implies that cı = 0, so x = c» sin 4t. But when 
t = 7/2, 0 = co sin 277 is satisfied for any choice of c», since sin 27 = 0. Hence 
the boundary-value problem 


x" + 16x=0, x(0 70, x (5) -0 (3) 
has infinitely many solutions. Figure 4.1.2 shows the graphs of some of the 
members of the one-parameter family x = c» sin 4/ that pass through the two 
points (0, 0) and (77/2, 0). 


(b) If the boundary-value problem in (3) is changed to 


x + 164=0, xO) =0, x (2) - 0, (4) 


then x(0) = 0 still requires c, = 0 in the solution (2). But applying x(7/8) = 0 to 
X = c5 sin 4f demands that 0 = c»? sin(7/2) = c5* 1. Hence x = 0 is a solution of 
this new boundary-value problem. Indeed, it can be proved that x = 0 is the only 
solution of (4). 


(c 


— 


Finally, if we change the problem to 


x" + 16x =0, x(0)=0, x (2) =i, (5) 
we find again from x(0) — 0 that c; = 0, but applying x(7/2) = 1 to 


X = c sin 4t leads to the contradiction 1 = c2 sin 27 = c2 * 0 = 0. Hence 
the boundary-value problem (5) has no solution. a 


4.1.2 HOMOGENEOUS EQUATIONS 


A linear nth-order differential equation of the form 


d" d"! d 
a,(x) > + a, 4) -— tcc a) uk ayx)y = 0 (6) 
dx dx dx 


is said to be homogeneous, whereas an equation 


d'y m dy 
a,x) Jar anx) e esr ei + ag(x)y = g(x), (7) 
with g(x) not identically zero, is said to be nonhomogeneous. For example, 
2y" + 3y' — 5y = 0 is a homogeneous linear second-order differential equation, 
whereas x?y" + 6y’ + 10y = e* is a nonhomogeneous linear third-order differen- 
tial equation. The word homogeneous in this context does not refer to coefficients 
that are homogeneous functions, as in Section 2.5. 
We shall see that to solve a nonhomogeneous linear equation (7), we must first 
be able to solve the associated homogeneous equation (6). 
To avoid needless repetition throughout the remainder of this text, we 
shall, as a matter of course, make the following important assumptions when 


m Please remember 
these two 
assumptions. 
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stating definitions and theorems about linear equations (1). On some common 
interval J, 


e the coefficient functions a;(x), i = 0, 1, 2,..., and g(x) are continuous; 
° a(x) # 0 for every x in the interval. 


DIFFERENTIAL OPERATORS In calculus differentiation is often denoted by 
the capital letter D—that is, dy/dx = Dy. The symbol D is called a differential 
operator because it transforms a differentiable function into another function. For 
example, D(cos 4x) = —4 sin 4x and D(5x? — 6x?) = 15x? — 12x. Higher-order 
derivatives can be expressed in terms of D in a natural manner: 

d (2) _ dy dY 


dx dx dà D(Dy) = Dy and, in general, P D 


y, 


where y represents a sufficiently differentiable function. Polynomial expressions 
involving D, such as D + 3, D? + 3D — 4, and 5x°D? — 6x?D? + 4xD + 9, are 
also differential operators. In general, we define an nth-order differential opera- 
tor or polynomial operator to be 


L=a,(x)D" + a,- 40)D" ! + +++ + aD + ag(x). (8) 


As a consequence of two basic properties of differentiation, D(cf(x)) = cDf(x), c is a 
constant, and D{ f(x) + g()) = Df(x) + Dg(x), the differential operator L possesses 
a linearity property; that is, L operating on a linear combination of two differentiable 
functions is the same as the linear combination of L operating on the individual func- 
tions. In symbols this means that 


L{af(x) + Bg(x)} = aLCfG)) + BL), (9) 


where o and f are constants. Because of (9) we say that the nth-order differential 
operator L is a linear operator. 


DIFFERENTIAL EQUATIONS Any linear differential equation can be expressed in 
terms of the D notation. For example, the differential equation y" + 5y' + 6y = 5x — 3 
can be written as D?y + 5Dy + 6y = 5x — 3 or (D? + 5D + 6)y = 5x — 3. Using (8), 
we can write the linear nth-order differential equations (6) and (7) compactly as 


L(y) = 0 and L(y) = go). 
respectively. 
SUPERPOSITION PRINCIPLE In the next theorem we see that the sum, or 


superposition, of two or more solutions of a homogeneous linear differential equa- 
tion is also a solution. 


| THEOREM 4.1.2 Superposition Principle—Homogeneous Equations 


Let yj, y2,..., yy be solutions of the homogeneous nth-order differential 
equation (6) on an interval 7. Then the linear combination 


y = ey) + ey) +> + + + ey). 


where the c;, i= 1, 2,..., k are arbitrary constants, is also a solution on the 
interval. 


PROOF We prove the case k = 2. Let L be the differential operator defined in 
(8), and let y; (x) and y2(x) be solutions of the homogeneous equation L(y) = 0. If 
we define y = ciyi(x) + c2y2(x), then by linearity of L we have 


L(y) = Líeiyy() + eyx} = ei Ly) + e3 (y = 6*0 + 65:0-—90. a 
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(b) 
FIGURE 4.1.3 Set consisting of f; and 


fais linearly independent on ( — o, oc) 


| COROLLARIES TO THEOREM 4.1.2 


(A) A constant multiple y = c,y\(x) of a solution yı(x) of a homogeneous 
linear differential equation is also a solution. 

(B) A homogeneous linear differential equation always possesses the trivial 
solution y — 0. 


| EXAMPLE 4 Superposition—Homogeneous DE 


The functions y, = x? and y; = x? In x are both solutions of the homogeneous linear 
equation x?y" — 2xy' + 4y = 0 on the interval (0, ~). By the superposition principle 


the linear combination 
y = cx + cx lnx 
is also a solution of the equation on the interval. E 
The function y = e^" is a solution of y" — 9y' + 14y = 0. Because the differen- 
tial equation is linear and homogeneous, the constant multiple y = ce" is also a 


solution. For various values of c we see that y = 9e™, y = 0, y V5e™,... are all 
solutions of the equation. 


LINEAR DEPENDENCE AND LINEAR INDEPENDENCE The next two con- 
cepts are basic to the study of linear differential equations. 


DEFINITION 4.1.1 Linear Dependence/Independence 


A set of functions fi(x), f2(x), . . . , f(x) is said to be linearly dependent on an 
interval J if there exist constants c1, c2, . . . , Cn, not all zero, such that 


CWE) CE Eter fex) — 0 


for every x in the interval. If the set of functions is not linearly dependent on 
the interval, it is said to be linearly independent. 


In other words, a set of functions is linearly independent on an interval 7 if the only 
constants for which 


c, fix) + Co fx) pasen C, f, (X) =0 


for every x in the interval are c} = c) = +++ = c, = 0. 

It is easy to understand these definitions for a set consisting of two functions 
fi(x) and fo(x). If the set of functions is linearly dependent on an interval, then 
there exist constants c; and c» that are not both zero such that for every x in the 
interval, c; fix) + c2 f2(x) = 0. Therefore if we assume that c; # 0, it follows that 
fix) = C7 eo/ c1) faGO); that is, if a set of two functions is linearly dependent, then one 
function is simply a constant multiple of the other. Conversely, if fi(x) = co fax) 
for some constant c», then (—1) * fix) + co f»(x) = 0 for every x in the interval. 
Hence the set of functions is linearly dependent because at least one of the constants 
(namely, c; = — 1) is not zero. We conclude that a set of two functions fi(x) and f(x) 
is linearly independent when neither function is a constant multiple of the other on 
the interval. For example, the set of functions fi(x) = sin 2x, fo(x) = sin x cos x is 
linearly dependent on (—%, ^») because f(x) is a constant multiple of f;(x). Recall 
from the double-angle formula for the sine that sin 2x — 2 sin x cos x. On the other 
hand, the set of functions fi(x) = x, fax) = |x] is linearly independent on (— o, oc). 
Inspection of Figure 4.1.3 should convince you that neither function is a constant 
multiple of the other on the interval. 
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It follows from the preceding discussion that the quotient f2(x) /fi(x) is not a con- 
stant on an interval on which the set f1(x), f;(x) is linearly independent. This little fact 
will be used in the next section. 


[ EXAMPLE 5  Linearly Dependent Set of Functions 


The set of functions fi(x) = cos?x, fox) = sin?x, AG) = sec?x, fa) = tan?x is 
linearly dependent on the interval (—7/2, 7/2) because 


c, cos’x + c sin?x + c4 sec?x + c, tan?x = 0 


when c; =c2= l, c4 = —1, c4= 1. We used here cos?x + sin?x = | and 
1 + tan?x = sec?x. [| 
A set of functions fi(x), f(x), . . . , fax) is linearly dependent on an interval if 


at least one function can be expressed as a linear combination of the remaining 
functions. 


l EXAMPLE 6 Linearly Dependent Set of Functions 


The set of functions Aœ = Vx + 5, h) = Vx + 5x, f(x) =x — 1, fx) = x? is 
linearly dependent on the interval (0, ©) because fọ can be written as a linear combi- 
nation of fi, f3, and f4. Observe that 


f) = 1+ fi@) + 5 * fo) + 0 + fa@) 


for every x in the interval (0, c). [| 


SOLUTIONS OF DIFFERENTIAL EQUATIONS We are primarily interested in 
linearly independent functions or, more to the point, linearly independent solutions 
of a linear differential equation. Although we could always appeal directly to 
Definition 4.1.1, it turns out that the question of whether the set of n solutions 
yr Y2, - - . , Yn Of a homogeneous linear nth-order differential equation (6) is linearly 
independent can be settled somewhat mechanically by using a determinant. 


DEFINITION 4.1.2 Wronskian 


Suppose each of the functions fi(x), P(x), ..., fax) possesses at least n — 1 
derivatives. The determinant 
" Ja R4 


Whi fo. Rid alla) F 


E e RA 
ub jte isis ji 


where the primes denote derivatives, is called the Wronskian of the 
functions. 


THEOREM 4.1.3 Criterion for Linearly Independent Solutions 


Let yj, y2,..., y, be n solutions of the homogeneous linear nth-order 
differential equation (6) on an interval 7. Then the set of solutions is linearly 
independent on / if and only if W(yj;, y», .. ., Yn) # O for every x in the 
interval. 
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It follows from Theorem 4.1.3 that when y1, yo,..., Yn are n solutions of (6) on 
an interval J, the Wronskian W( y1, Y2, . . . , Yn) is either identically zero or never zero 
on the interval. 

A set of n linearly independent solutions of a homogeneous linear nth-order 
differential equation is given a special name. 


DEFINITION 4.1.3 Fundamental Set of Solutions 


Any set yj, yo, ..., Yn Of n linearly independent solutions of the homoge- 
neous linear nth-order differential equation (6) on an interval / is said to be a 
fundamental set of solutions on the interval. 


The basic question of whether a fundamental set of solutions exists for a linear 
equation is answered in the next theorem. 


THEOREM 4.1.4 Existence of a Fundamental Set 


There exists a fundamental set of solutions for the homogeneous linear nth-order 
differential equation (6) on an interval Z. 


Analogous to the fact that any vector in three dimensions can be expressed as a 
linear combination of the linearly independent vectors i, j, k, any solution of an nth- 
order homogeneous linear differential equation on an interval / can be expressed as a 
linear combination of n linearly independent solutions on 7. In other words, n linearly 
independent solutions y1, y2,..., y, are the basic building blocks for the general 
solution of the equation. 


THEOREM 4.1.5 General Solution — Homogeneous Equations 


Let y1, y2, .. ., Yn be a fundamental set of solutions of the homogeneous linear 
nth-order differential equation (6) on an interval Z. Then the general solution of 
the equation on the interval is 


3? = C963) ap O99916:9) ae oo seemed) 


where cj, i = 1, 2, ..., n are arbitrary constants. 


Theorem 4.1.5 states that if Y(x) is any solution of (6) on the interval, then con- 
stants Ci, C2, . . . , C, can always be found so that 


Y(x) = Ciy) + Cay) t: c + Cryn). 


We will prove the case when n = 2. 


PROOF Let Y be a solution and let yı and y» be linearly independent solutions of 
à2y" + ayy’ + agy = 0 on an interval Z. Suppose that x = t is a point in J for which 
W(yi(2), yo(t)) # 0. Suppose also that Y(t) = kı and Y'(t) = kz. If we now examine 
the equations 


Cy + Cy) = ky 
Cry + Crys(t) = ky, 


it follows that we can determine C; and C» uniquely, provided that the determinant of 
the coefficients satisfies 


yO y(t) 
yi) ya(t) 
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But this determinant is simply the Wronskian evaluated at x = t, and by assumption, 
W + 0. If we define G(x) = Ciyi(x) + Crya(x), we observe that G(x) satisfies the 
differential equation since it is a superposition of two known solutions; G(x) satisfies 
the initial conditions 


G(t) = Cy + Cyt) = ky and G'(t) = Cyy\() + Cy) = ky; 


and Y(x) satisfies the same linear equation and the same initial conditions. 
Because the solution of this linear initial-value problem is unique (Theorem 4.1.1), 
we have Y(x) = G(x) or Y(x) = Ciyi(x) + C2yo(x). E 


i EXAMPLE 7 General Solution of a Homogeneous DE 


The functions y, = e?* and y = e * are both solutions of the homogeneous linear 


equation y" — 9y = 0 on the interval (—%, o»). By inspection the solutions are lin- 
early independent on the x-axis. This fact can be corroborated by observing that the 
Wronskian 


e [4 


Wi oe =x) = 
ee) See 329 


- -650 


for every x. We conclude that y, and y? form a fundamental set of solutions, and 
consequently, y = cje?" + cze ** is the general solution of the equation on the 
interval. ig 


| EXAMPLE 8 A Solution Obtained from a General Solution 


The function y = 4sinh 3x — 5e? is a solution of the differential equation in 
Example 7. (Verify this.) In view of Theorem 4.1.5 we must be able to obtain this 
solution from the general solution y = cje** + coe **. Observe that if we choose 
cı = 2 and cp = —7, then y = 2e3* — 7e~>* can be rewritten as 


dX iem toE dx. 
y = 2e* — 2e se = a(S a Se 


The last expression is recognized as y = 4 sinh 3x — 5e. E: 


[ EXAMPLE 9 General Solution of a Homogeneous DE 


The functions y; = e*, y; = e?*, and y; = e 


y" E 6y" + lly’ — 6y = 0. Since 


satisfy the third-order equation 
e e)» e 
Wet, e*, e™) = |e 2e* 3e* = 2e +0 
e 4e* 9g* 
for every real value of x, the functions y1, y», and y3 form a fundamental set of solu- 


tions on (—%, o»). We conclude that y = cie" + coe?" + cse? is the general solution 
of the differential equation on the interval. a 


4.1.3. NONHOMOGENEOUS EQUATIONS 


Any function y,, free of arbitrary parameters, that satisfies (7) is said to be a particular 
solution or particular integral of the equation. For example, it is a straightforward 
task to show that the constant function y, — 3 is a particular solution of the 
nonhomogeneous equation y" + 9y = 27. 
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Now if y1, y2, .. . , yx are solutions of (6) on an interval J and y, is any particular 
solution of (7) on J, then the linear combination 


y = Cy) + ey) t tcc + CY) + y, (10) 


is also a solution of the nonhomogeneous equation (7). If you think about it, this makes 
sense, because the linear combination cjyi(x) + coyo(x) +: > -+ ckyk(x) is trans- 
formed into 0 by the operator L = a,D" + ag ,D" | +++++ aiD + ao, whereas Yp 
is transformed into g(x). If we use k = n linearly independent solutions of the nth-order 
equation (6), then the expression in (10) becomes the general solution of (7). 


THEOREM 4.1.6 General Solution —Nonhomogeneous Equations 


Let y, be any particular solution of the nonhomogeneous linear nth-order differ- 
ential equation (7) on an interval J, and let y;, y2, . . . , y, be a fundamental set of 
solutions of the associated homogeneous differential equation (6) on /. Then the 
general solution of the equation on the interval is 


V cyx) am €5yxX(x) m OR €, Y. (X) ar Yp» 


where the cj, i = 1, 2, . . . , n are arbitrary constants. 


PROOF Let L be the differential operator defined in (8) and let Y(x) and y,(x) 
be particular solutions of the nonhomogeneous equation L(y) = g(x). If we define 
u(x) = Y(x) — y(x), then by linearity of L we have 


L(u) = L(YG) — yp(x)} = L(V) — LW) = 8@) — gr) = 0. 


This shows that u(x) is a solution of the homogeneous equation L(y) = 0. Hence 
by Theorem 4.1.5, u(x) = ciy) + cyx) +--+ + + cy, X, and so 


Y(x) mi Yx) = cyx) + Cr Y2(x) dose C, Y, (X) 
or Y(x) = cyi) P C2 Y2(X) nosse €, Y, (X) + Yx). m 


COMPLEMENTARY FUNCTION We see in Theorem 4.1.6 that the general solu- 
tion of a nonhomogeneous linear equation consists of the sum of two functions: 


y = Cry (x) + Cy) F c c c + ey Q) + yy) = YX) + y). 


The linear combination y(x) = c,y,(x)  c5yy(x) + ++ + + c,y,QO, which is the 
general solution of (6), is called the complementary function for equation (7). In 
other words, to solve a nonhomogeneous linear differential equation, we first solve 
the associated homogeneous equation and then find any particular solution of the 
nonhomogeneous equation. The general solution of the nonhomogeneous equation 
is then 


y = complementary function + any particular solution 
= ye t yp 


l EXAMPLE 10 General Solution of a Nonhomogeneous DE 


1 


By substitution the function y, = —15 — ix is readily shown to be a particular solu- 


tion of the nonhomogeneous equation 


y" — 6y" + 11y' — 6y = 3x. (11) 
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To write the general solution of (11), we must also be able to solve the associated 
homogeneous equation 


y" — 6y" + 11y' — 6y = 0. 


But in Example 9 we saw that the general solution of this latter equation on the in- 
terval (—%, ©) was ye = cje* + coe2* + c3e?*. Hence the general solution of (11) 
on the interval is 


yoy ty = Get + ce + Ge? — Do Se. H 


ANOTHER SUPERPOSITION PRINCIPLE The last theorem of this discussion 
will be useful in Section 4.4 when we consider a method for finding particular solu- 
tions of nonhomogeneous equations. 


| THEOREM 4.1.7 Superposition Principle— Nonhomogeneous 


Equations 


Let Yp» yp, -+ -> Yp, be k particular solutions of the nonhomogeneous linear 
nth-order differential equation (7) on an interval / corresponding, in turn, to k 
distinct functions g1, 82, . . . , gx. That is, suppose y, denotes a particular solu- 
tion of the corresponding differential equation 


Gey a, ay" 9+ ay tay = gfx), (12) 
where i = 1,2,...,k. Then 
Xp = Vp) + y») t ccc + yy) (13) 
is a particular solution of 
tva )yt- P += >= + ay" + agooy 
= 810%) + go) t cct go) (14) 


PROOF We prove the case k = 2. Let L be the differential operator defined in (8) 
and let y, (x) and y, (x) be particular solutions of the nonhomogeneous equations 
L(y) = 210) and L(y) = 39), respectively. If we define y, = y, (x) + y, (x), we 
want to show that y, is a particular solution of L(y) = gi(x) + g(x). The result 
follows again by the linearity of the operator L: 


LOY) = Lty, 09 + y,09) = LC(y,0)) + L(y,G)) = 8600 + go). ff 


l EXAMPLE 11 Superposition—Nonhomogeneous DE 


You should verify that 
Yp = —4x? isa particular solution of y" — 3y' + 4y = —16x? + 24x — 8, 
yp 7 e» is a particular solution of y" — 3y' + 4y = 2e”, 
yp, = xe* is a particular solution of y" — 3y' + 4y = 2xe* — æ. 
It follows from (13) of Theorem 4.1.7 that the superposition of Ypy Yow and Pop 
Y = Yp, + Yp T Yp = A t e xe, 


is a solution of 
y" — 3y! + 4y = —16x? + 24x — 8 + 2e% + 2xe* — e. El 


g1Q) 82(X) §3(%) 
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NOTE Ifthe Yp, are particular solutions of (12) for i = 1, 2,..., k, then the linear 
combination 

Yp = Cip, + C2Yp, Boi deer CkYp,» 
where the c; are constants, is also a particular solution of (14) when the right-hand 
member of the equation is the linear combination 

cg, (X) + cog) H+ t eg). 


Before we actually start solving homogeneous and nonhomogeneous linear 
differential equations, we need one additional bit of theory, which is presented in the 
next section. 


| REMARKS 


This remark is a continuation of the brief discussion of dynamical systems 
given at the end of Section 1.3. 

A dynamical system whose rule or mathematical model is a linear nth-order 
differential equation 


po deny r4 ay + ay = gi) 


is said to be an nth-order linear system. The n time-dependent functions y(t), 
PO Wo are the state variables of the system. Recall that their val- 
ues at some time f give the state of the system. The function g is variously 
called the input function, forcing function, or excitation function. A solu- 
tion y(t) of the differential equation is said to be the output or response of the 
system. Under the conditions stated in Theorem 4.1.1, the output or response 
y(t) is uniquely determined by the input and the state of the system prescribed 
at a time fy —that is, by the initial conditions y(to), y'(t9), . .. , y^ P(t). 

For a dynamical system to be a linear system, it is necessary that the super- 
position principle (Theorem 4.1.7) holds in the system; that is, the response of 
the system to a superposition of inputs is a superposition of outputs. We have 
already examined some simple linear systems in Section 3.1 (linear first-order 
equations); in Section 5.1 we examine linear systems in which the mathe- 
matical models are second-order differential equations. 


| | EX E RC | S E S 4 . 1 Answers to selected odd-numbered problems begin on page ANS-4. 


4.1.1 INITIAL-VALUE AND BOUNDARY-VALUE 5. Given that y = c, + cox? is a two-parameter family of 


PROBLEMS solutions of xy" — y' — 0 on the interval (—%, oo), 

show that constants c; and c» cannot be found so that a 

In Problems 1—4 the given family of functions is the general member of the family satisfies the initial conditions 

solution of the differential equation on the indicated interval. y(0) = 0, y'(0) = 1. Explain why this does not violate 
Find a member of the family that is a solution of the initial- Theorem 4.1.1. 


value problem. . F . . 
6. Find two members of the family of solutions in 


1. y = cie? + ce, (—%, ©); Problem 5 that satisfy the initial conditions y(0) = 0, 
y =y=0, y(0)=0, y= 1 y'(0) = 0. 

2. y= cie + coe, (—%, o0; 7. Given that x(t) = c; cos wt + c» sin wt is the general 
y'—3y -—4y=0, yO)=1, y'(0)=2 solution of x" + w?x =0 on the interval (—%, ©), 


3. y = cix + cox In x, (0, 99); show that a solution satisfying the initial conditions 


yy" tas xy’ + y= 0, y(1) = 3, y'(1) =-| x(0) = X0. x'(0) = X1 is given by 


4. y = cq + c5 cos x + ca sin x, (—%, ©); O osora x, T 
m ' 1 " X = X [0] — ot. 
y"+y' =0, yr) =0, y(7)-22, y'(m)--1 w 


8. Use the general solution of x” + w*x — 0 given in 
Problem 7 to show that a solution satisfying the initial 
conditions x(t9) = xo, x'(to) = xı is the solution given in 
Problem 7 shifted by an amount fo: 


Xp. 
x(t) = xg cos W(t — tọ) + — sin w(t — fo). 
w 


In Problems 9 and 10 find an interval centered about x = 0 for 
which the given initial-value problem has a unique solution. 


9. x= 2)y"+3y=x, y(0)=0, ¥'OQ)=1 


x0 -1, y0) =0 


11. (a) Use the family in Problem 1 to find a solution of 
y" — y = 0 that satisfies the boundary conditions 
»(0) — 0, y(1) — 1. 

(b) The DE in part (a) has the alternative general solu- 
tion y = c3 cosh x + c4 sinh x on (—%, o»). Use this 
family to find a solution that satisfies the boundary 
conditions in part (a). 


10. y" + (tan x)y = e, 


(c) Show that the solutions in parts (a) and (b) are 
equivalent 


12. Use the family in Problem 5 to find a solution of 
xy" — y' — 0 that satisfies the boundary conditions 
y(0) = 1, y'(1) = 6. 


In Problems 13 and 14 the given two-parameter family is a 
solution of the indicated differential equation on the interval 
(—, c»). Determine whether a member of the family can be 
found that satisfies the boundary conditions. 


13. y = cje” cos x + coe* sin x; 
(a) X0) = 1, 


y'—2y' + 2y=0 


y()-70 (b yO) =1, ym7-7-1 
(c) y(0) = 1, (2) =1 (d) y0)=0, yr) =0. 


14. y = cix? + eax* +3; xy" — 5xy' + 8y = 24 


(a) X(-D 720, yd) =4 (b) (7 1, yO) 72 
() yO) 23, y() 20 (d y()=3, yQ)-715 


4.1.2 HOMOGENEOUS EQUATIONS 


In Problems 15-22 determine whether the given set of func- 
tions is linearly independent on the interval (— o, o). 


15. fi) =x, fx) x fax) = 4x — 3x? 
16. fix) =0, ha) =x, Ba) =e 

17. f(3) 25, f) = cosx, AG) = sin?x 

18. f\(x) = cos 2x, f(x) =1, f(x) = cosx 
19. fix) 2x, fox)-x—-L fx) =xt3 
20. fx) 22-9 x, hæ = 2 + |x| 
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21. f) 19x AW=x, Ald) =x? 

22. fix) = e, hax) =e, hx) = sinh x 

In Problems 23-30 verify that the given functions form a 
fundamental set of solutions of the differential equation on 
the indicated interval. Form the general solution. 

23. y” - y' — 12y = 0; 
24. y" - 4y = 0; 
25. y" — 2y' + 5y = 0; 
26. Ay" — 4y’ + y = 0; 
27. xy" — 6xy’ + 12y =0; x), x^, (0, ©) 


g e, (-%, o0) 
cosh 2x, sinh 2x, (— 6, oo) 
€* cos 2x, e* sin 2x, (— 96, oo) 


ev, xe? (—%, oo) 


28. x2y" + xy’ + y 20; cos(In x), sinn x), (0, oo) 
29. gy" + 6x?y" + 4xy' — 4y = 0; x x 2, x ? In x, (0, oo) 


30. y +y"=0; 1,x, cos x, sin x, (—%, oo) 


4.1.3 NONHOMOGENEOUS EQUATIONS 


In Problems 31 —34 verify that the given two-parameter fam- 
ily of functions is the general solution of the nonhomoge- 
neous differential equation on the indicated interval. 


31. y" — 7y' + 10y = 24e*; 
y- c1e?* + c3e?* + 6e*, (—%, oo) 


32. y" + y = sec x; 
y = cı cos x + c sin x + x sin x + (cos x) In(cos x), 


33. y" — Ay! + 4y = 2e?* + Ax — 12; 
y = cje?* + coxe?* + x?e?* + x — 2, (—%, ©) 


34. 2x?y" + 5xy' + y = x? — x; 
y = ax! + ex + ix — ix, (0, œ) 
35. (a) Verify that Vp, = 3e?* and Vp, = X? + 3x are, respec- 
tively, particular solutions of 
y" — 6y' + 5y = —9e* 
and — y" — 6y' + 5y = 5x? + 3x — 16. 
(b) Use part (a) to find particular solutions of 
y" — 6y’ + 5y = 5x* + 3x — 16 — 9e* 
and y" — 6y' + 5y = —10x? — 6x + 32 + e. 
36. (a) By inspection find a particular solution of 
y" + 2y = 10. 
(b) By inspection find a particular solution of 
y" + 2y = —4x. 


(c) Find a particular solution of y" + 2y = —4x + 10. 
(d) Find a particular solution of y" + 2y = 8x + 5. 
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Discussion Problems 


37. 


38. 


39. 


Let n = 1, 2, 3,... . Discuss how the observations 
D"x"^! = 0 and D"x" = n! can be used to find the gen- 
eral solutions of the given differential equations. 


(e) By the superposition principle, Theorem 4.1.2, 
both linear combinations y — ciy; + coy? and 
Y = cjY, + c5Y, are solutions of the differential 
equation. Discuss whether one, both, or neither of 
the linear combinations is a general solution of the 


(a) y" =0 (b) y" =0 (c) ~ =0 differential equation on the interval (—%, oo). 

My : (e) y : (Dy E 40. Is the set of functions fi(x) = e**?2, f(x) = e* ? lin- 

Suppose that y; = e* and y2 = e * are two solutions of early dependent or linearly independent on (—%, o)? 

a homogeneous linear differential equation. Explain Discuss. 

why y3 = cosh x and y4 = sinh x are also solutions of . . 

the equation. 41. Suppose Yr Y2,---» Yk are k linearly independent solu- 

tions on (—%, o» of a homogeneous linear nth-order 

(a) Verify that y; =x° and y?— |x[ are linearly differential equation with constant coefficients. By 
independent solutions of the differential equation Theorem 4.1.2 it follows that yz = 0 is also a solution 
x°y" — Axy' + 6y = 0 on the interval (—%, oo). of the differential equation. Is the set of solutions 

(b) Show that W( y1, y2) = O for every real number x. Yr Y2, -- - » Yk, Ye 1 linearly dependent or linearly inde- 
Does this result violate Theorem 4.1.3? Explain. pendent on (—%, ~)? Discuss. 

(c) Verify that Y, = x? and Y; = x° are also linearly 42. Suppose that y1, y2, . . . , yc are k nontrivial solutions of 


independent solutions of the differential equation 
in part (a) on the interval (— o, oo). 


(d) Find a solution of the differential equation satisfy- 
ing y(0) = 0, y'(0) = 0. 


a homogeneous linear nth-order differential equation 
with constant coefficients and that k = n + 1. Is the set 
of solutions y1, y2, . . . , yx linearly dependent or linearly 
independent on (— co, ©)? Discuss. 


4.2 


REDUCTION OF ORDER 


REVIEW MATERIAL 


e Section 2.5 (using a substitution) 
e Section 4.1 


INTRODUCTION 


In the preceding section we saw that the general solution of a homogeneous 


linear second-order differential equation 
a,(x)y" + a)y" + agQ)y = 0 () 


is a linear combination y = c1yı + coy», where y; and y» are solutions that constitute a linearly inde- 
pendent set on some interval /. Beginning in the next section, we examine a method for determining 
these solutions when the coefficients of the differential equation in (1) are constants. This method, 
which is a straightforward exercise in algebra, breaks down in a few cases and yields only a single 
solution y; of the DE. It turns out that we can construct a second solution y? of a homogeneous equa- 
tion (1) (even when the coefficients in (1) are variable) provided that we know a nontrivial solution 
yı of the DE. The basic idea described in this section is that equation (1) can be reduced to a linear 
first-order DE by means of a substitution involving the known solution y;. A second solution y» of 
(1) is apparent after this first-order differential equation is solved. 


REDUCTION OF ORDER Suppose that y, denotes a nontrivial solution of (1) and 
that y, is defined on an interval /. We seek a second solution y2 so that the set consist- 
ing of y, and yp is linearly independent on 7. Recall from Section 4.1 that if y, and 
y» are linearly independent, then their quotient y» /y; is nonconstant on /—that is, 
yo(x) / y160) = u(x) or yo(x) = u(x)yi(x). The function u(x) can be found by substituting 
yo(x) = u(x)yi(x) into the given differential equation. This method is called reduction 
of order because we must solve a linear first-order differential equation to find u. 
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I EXAMPLE 1  ASecond Solution by Reduction of Order 


Given that y, = e* is a solution of y" — y = 0 on the interval (— ^o, oo), use reduction 
of order to find a second solution y». 


SOLUTION If y = u(x)yi(x) = u(x)e", then the Product Rule gives 
y =u” + eu, y"- ue + 2eu + eu", 
and so y'— y = e(u" + 2u') = 0. 
Since e” # 0, the last equation requires u” + 2u' = 0. If we make the substitution 


w = u', this linear second-order equation in u becomes w' + 2w = 0, which is a 
linear first-order equation in w. Using the integrating factor e?*, we can write 


—2x 


d ; ; : : 
— [ew] = 0. After integrating, we get w = cie or u' = cje ?". Integrating 


dx 
again then yields u — - ce ?* + c. Thus 
Cy _. 
y= u(xe- er * «b Gye. (2) 
By picking c? = 0 and c, = —2, we obtain the desired second solution, y2 = e ". 
Because W(e*, e *) #0 for every x, the solutions are linearly independent on 
(— œ, oo). L| 


Since we have shown that y, = e* and y? = e “ are linearly independent solu- 
tions of a linear second-order equation, the expression in (2) is actually the general 
solution of y" — y = 0 on (—%, ©). 


GENERAL CASE Suppose we divide by a»(x) to put equation (1) in the standard 
form 


y" + Pay’ + Q@)y = 0, (3) 


where P(x) and Q(x) are continuous on some interval Z. Let us suppose further that 
y,(x) is a known solution of (3) on J and that yı(x) # 0 for every x in the interval. If 
we define y = u(x)y;(x), it follows that 


y =uy, t yw’, y" = uy, + 2yu' + yu" 


y" + Py’ + Qy = uly] + Py; + Qyi] + yiu” + Qy + Py)w' = 0. 
———— 


Zero 
This implies that we must have 
yu" + (2y, + Pyu’ =0 or yiw' + Qyi + Py))w = 0, (4) 


where we have let w = u’. Observe that the last equation in (4) is both linear and 
separable. Separating variables and integrating, we obtain 


dw y 
— +2—dx+Pdx=0 
Ww yı 
In|wyi| = -Í Pdx+c or wy? = qe JP 4, 


We solve the last equation for w, use w = u', and integrate again: 


e JP dx 
u = c ;— dx + Cs. 
MI 
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By choosing c, = 1 and cz = 0, we find from y = u(x)yi(x) that a second solution of 
equation (3) is 
—fP(x) dx 


e 
y2 = no | Tae (5) 


It makes a good review of differentiation to verify that the function y2(x) defined in 
(5) satisfies equation (3) and that y, and y» are linearly independent on any interval 
on which y;(x) is not zero. 


l EXAMPLE 2 A Second Solution by Formula (5) 


The function y, = x? is a solution of x?y" — 3xy' + 4y = 0. Find the general solu- 


tion of the differential equation on the interval (0, o»). 
SOLUTION From the standard form of the equation, 


n 


3, , 4 
yy way =o; 
X X 


x4 


d 
-e f|- ems 
x 


The general solution on the interval (0, œ) is given by y = cj; + cay»; that is, 
y= cix? + cox? In x. [| 


3fadxIx 
e 3 
we find from (5) yy =x i dr «ids = gne = 43 


| REMARKS 


(i) The derivation and use of formula (5) have been illustrated here because this 
formula appears again in the next section and in Sections 4.7 and 6.2. We use (5) 
simply to save time in obtaining a desired result. Your instructor will tell you 
whether you should memorize (5) or whether you should know the first princi- 
ples of reduction of order. 


(ii) Reduction of order can be used to find the general solution of a nonhomo- 
geneous equation a»(x)y" + a,(x)y’ + ao(x)y = g(x) whenever a solution y; of 
the associated homogeneous equation is known. See Problems 17-20 in 
Exercises 4.2. 


EXERCISES 4.2 


Answers to selected odd-numbered problems begin on page ANS-4. 


In Problems 1-16 the indicated function yi@) is a solution 7. 9y" - 12y'+4y=0; y= e2113 
of the given differential equation. Use reduction of order or ` 
formula (5), as instructed, to find a second solution y2(x). 8. 6y” ey Hyd. y= en 
1. y" — 4y' + 4y=0; y =e” 9. x^" — Tay’ + 16y = 0; yy = x" 
2. y" +2y'+y=0; y= xe” 10. 3*y" + 2xy' = 6y = 0; yı =x? 
3. y" + 16y =0; y; = cos 4x 11. xy" + y'=0; y-lnx 
4. y" c 9y 20; yı = sin3x 12. 4x?y"+y=0; yy x^ nx 
5. y" —y 20; yi =coshx 13. xy" — xy -2y 206; yı = xsin(In x) 
6. "^ —25y 206; y =e" 14. xy" — 3xy’ + 5y = 0; y; = x? cos(In x) 
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15. (1 — 2x — x2y" + 20 + dy’ — 2y = 0; yy =x+1 
16. (1 


xy F2xy'—20; yp =1 


In Problems 17-20 the indicated function y;(x) is a solution 
of the associated homogeneous equation. Use the method 
of reduction of order to find a second solution y2(x) of the 
homogeneous equation and a particular solution of the given 
nonhomogeneous equation. 


17. y' - 4y 22; y= e 2% 


18. y"+y'=1; y=1 
19. y" — 3y' + 2y = 5e?*. yy =e 
20. y"—4y'+3y=x; yp =e 


Discussion Problems 


21. (a) Give a convincing demonstration that the second- 
order equation ay" + by’ + cy = 0,a, b, and c con- 
stants, always possesses at least one solution of the 
form y, = e™*, mı a constant. 


(b) Explain why the differential equation in part (a) 
must then have a second solution either of the form 


m» x 


yı = e"?* or of the form y, = xe"", m, and m 


constants. 


(c) Reexamine Problems 1 —8. Can you explain why the 
statements in parts (a) and (b) above are not 
contradicted by the answers to Problems 3—5? 

22. Verify that yj(x) = x is a solution of xy" — xy’ + y = 0. 
Use reduction of order to find a second solution y»(x) in 
the form of an infinite series. Conjecture an interval of 
definition for y2(x). 


Computer Lab Assignments 
23. (a) Verify that yj(x) = e* is a solution of 
xy" — (x + 10)y' + 10y = 0. 


(b) Use (5) to find a second solution y2(x). Use a CAS to 
carry out the required integration. 


(c) Explain, using Corollary (A) of Theorem 4.1.2, why 
the second solution can be written compactly as 


4.3 


HOMOGENEOUS LINEAR EQUATIONS 


WITH CONSTANT COEFFICIENTS 


REVIEW MATERIAL 


e Review Problem 27 in Exercises 1.1 and Theorem 4.1.5 
* Review the algebra of solving polynomial equations (see the Student Resource 
and Solutions Manual) 


INTRODUCTION As a means of motivating the discussion in this section, let us return to first- 
order differential equations—more specifically, to homogeneous linear equations ay’ + by = 0, 
where the coefficients a # O and b are constants. This type of equation can be solved either by 
separation of variables or with the aid of an integrating factor, but there is another solution method, 
one that uses only algebra. Before illustrating this alternative method, we make one observation: 
Solving ay’ + by = 0 for y' yields y’ = ky, where k is a constant. This observation reveals the 
nature of the unknown solution y; the only nontrivial elementary function whose derivative is a 
constant multiple of itself is an exponential function e"*. Now the new solution method: If we substi- 


tute y = e"* and y' = me" into ay’ + by = 0, we get 
ame"* + be™ = () or e"* (am + b) = 0. 
Since e™* is never zero for real values of x, the last equation is satisfied only when m is a solution or 


mx 


root of the first-degree polynomial equation am + b = 0. For this single value of m, y = e"* is a 
solution of the DE. To illustrate, consider the constant-coefficient equation 2y' + 5y = 0. It is not 
necessary to go through the differentiation and substitution of y = e"* into the DE; we merely have 
to form the equation 2m + 5 = 0 and solve it for m. From m = —3 we conclude that y = e?" isa 
solution of 2y' + 5y = 0, and its general solution on the interval (—~, %) is y = cue ?"?, 

In this section we will see that the foregoing procedure can produce exponential solutions for 
homogeneous linear higher-order DEs, 


4,9 + a Y" D b asy" + ay! + ay = 0, (1) 


where the coefficients a;, i = 0, 1,..., n are real constants and a, # 0. 
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AUXILIARY EQUATION We begin by considering the special case of the second- 
order equation 


ay" + by’ + cy = 0, (2) 
where a, b, and c are constants. If we try to find a solution of the form y = e"", then 
after substitution of y' = me” and y" = m?e"", equation (2) becomes 


am^e"* + bme"* + ce"* = Q Or e""(an? + bm + c) = 0. 


As in the introduction we argue that because e"* # 0 for all x, it is apparent that the 
only way y = e™* can satisfy the differential equation (2) is when m is chosen as a 
root of the quadratic equation 


am? + bm ^ c — 0. (3) 
This last equation is called the auxiliary equation of the differential equa- 


tion (2). Since the two roots of (3) are m, = (—b + Vb? — 4ac)/2a and 


m = (—b — NP? — 4ac)/2a, there will be three forms of the general solution of 
(2) corresponding to the three cases: 


* m, and m real and distinct (b? — 4ac > 0), 
e m, and m real and equal (b? — 4ac = 0), and 
e my, and m» conjugate complex numbers (b? — 4ac < 0). 


We discuss each of these cases in turn. 


CASE I: DISTINCT REAL ROOTS Under the assumption that the auxiliary equa- 
tion (3) has two unequal real roots mı and m», we find two solutions, y, = e"* and 
y, = e", We see that these functions are linearly independent on (— co, œ) and hence 
form a fundamental set. It follows that the general solution of (2) on this interval is 


y= een + Ger. (4) 


CASE Il: REPEATED REAL ROOTS When m; = m, we necessarily obtain only 
one exponential solution, y, = e"", From the quadratic formula we find that 


m, = —b/2a since the only way to have m, = mz is to have b? — 4ac = 0. It follows 
from (5) in Section 4.2 that a second solution of the equation is 
gm 
y, = em m dx = e"* | dx = xe"v. (5) 
em 


In (5) we have used the fact that —b/a = 2m. The general solution is then 


y= ee ae Comp. (6) 


CASE IIl: CONJUGATE COMPLEX ROOTS If m, and m are complex, then we 
can write m, = a + i8 and m = a — iB, where a and B > 0 are real and i? = —1. 
Formally, there is no difference between this case and Case I, and hence 


y — Cet Bx + Cre, 


However, in practice we prefer to work with real functions instead of complex 
exponentials. To this end we use Euler’s formula: 


e? = cos 0 + isin 6, 
where 0 is any real number.” It follows from this formula that 
e!®* = cos Bx + i sin Bx and e !P* = cos Bx — isin Bx, (7) 


L2 n 


* A formal derivation of Euler's formula can be obtained from the Maclaurin series e* = Y E by 


n- 
substituting x = i, using i? = —1, P = —i,..., and then separating the series into real and imaginary 
parts. The plausibility thus established, we can adopt cos 0 + i sin 0 as the definition of e”. 


"P ^N 
3 
2 
1 
x 
—1 
—2 
=3 
4 p 
a3 =2 =l 12 34 5 
FIGURE 4.3.1 Solution curve of IVP 


in Example 2 
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where we have used cos(— 8x) = cos Bx and sin(— Bx) = —sin Bx. Note that by first 
adding and then subtracting the two equations in (7), we obtain, respectively, 


e'8* + e-iB* = 2 cos Bx and e'8* — g-iB* = 2i sin Bx. 


Since y = Cye@t')* + Cye~‘)* is a solution of (2) for any choice of the constants Cj 
and C5, the choices C, = C5 = 1 and C; = 1, C2 = - 1 give, in turn, two solutions: 


y = gc iBx + ele iP) and » — e(t * ix -— eiB, 
But y, = e™(eiP* + e-iB*) = 2e™ cos Bx 
and y, = e*'(ei8* — e PX) = Jie sin Bx. 


Hence from Corollary (A) of Theorem 4.1.2 the last two results show that e“ cos Bx 
and e^" sin Bx are real solutions of (2). Moreover, these solutions form a fundamen- 
tal set on (—%, o»). Consequently, the general solution is 


y = cye“ cos Bx + c;e" sin Bx = e™(c; cos Bx + c»; sin Bx). (8) 


I EXAMPLE 1 Second-Order DEs 


Solve the following differential equations. 


(a) 2y" — 5y' 2 3y =0 (b) y" — 10y' + 25y = 0 (c) y" + 4y' + Ty 2 0 


SOLUTION We give the auxiliary equations, the roots, and the corresponding gen- 
eral solutions. 


(a) 2m? — 5n - 3 = Qm + 1m - 3) 2-0, m, = —4, m = 3 


From (4), y = cie P? + coe, 


(b) m? — 10m + 25 = (m—5? = 0, m =m=5 


From (6), y = cie” + coxe™. 


(c) mn? + 4m * 7 — 0, m, = -2 + Vi, m = -2- V3i 
From (8) witha = —2, B = V3, y = e*(c, cos V 3x + c sin V3x). H 


I EXAMPLE 2 An Initial-Value Problem 


Solve 4y" + 4y’ + 17y = 0, y(0) = —1, y'(0) = 2. 


SOLUTION By the quadratic formula we find that the roots of the auxiliary 


equation 4m? + 4m + 17 = 0 are m, = -i + 2i and m, = -i — 2i. Thus from 
(8) we have y = e ""(c, cos 2x + c» sin 2x). Applying the condition y(0) = — 1, 
we see from e(c;cos0  c;sinO) — —1 that c,-— —1. Differentiating 


y= e ""(—Ccos 2x + c» sin 2x) and then using y'(0) = 2 gives 2c) + I =20rc = 2. 
Hence the solution of the IVP is y = e ""?(—cos 2x + i sin 2x). In Figure 4.3.1 we 
see that the solution is oscillatory, but y — 0 as x > and |y| —> œ% as x—> —. E 


TWO EQUATIONS WORTH KNOWING The two differential equations 


y+hRy¥=0 and y'= ky =0, 
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where k is real, are important in applied mathematics. For y" + k?y = 0 the auxiliary 
equation m? + k? = 0 has imaginary roots mı = ki and m = —ki. With a = 0 and 
P = kin (8) the general solution of the DE is seen to be 


y = c,cos kx + csin kx. (9) 


On the other hand, the auxiliary equation m? — k? = 0 for y" — k?y = 0 has distinct 


real roots m, = k and m = —k, and so by (4) the general solution of the DE is 
y = qe + ce, (10) 
Notice that if we choose c, = c; = i and c) = 1, = -i in (10), we get the particu- 


lar solutions y = Z(e* + e™) = cosh kx and y = 5(e* — e^) = sinh kx. Since 
cosh kx and sinh kx are linearly independent on any interval of the x-axis, an alternative 
form for the general solution of y" — k?y = 0 is 


y = cı cosh kx + c, sinh kx. (11) 


See Problems 41 and 42 in Exercises 4.3. 


HIGHER-ORDER EQUATIONS In general, to solve an nth-order differential 
equation (1), where the aj, i = 0, 1,..., n are real constants, we must solve an nth- 
degree polynomial equation 


am da unt es am cuam t= (12) 
If all the roots of (12) are real and distinct, then the general solution of (1) is 
y= cen Je ce” diee ate cen. 


It is somewhat harder to summarize the analogues of Cases II and III because the 
roots of an auxiliary equation of degree greater than two can occur in many combi- 
nations. For example, a fifth-degree equation could have five distinct real roots, or 
three distinct real and two complex roots, or one real and four complex roots, or five 
real but equal roots, or five real roots but two of them equal, and so on. When m; is a 
root of multiplicity k of an nth-degree auxiliary equation (that is, k roots are equal 
to mı), it can be shown that the linearly independent solutions are 


" x^ I gmx 


mx mx 2 jmjx 
EC. EU IET Ves 


and the general solution must contain the linear combination 


eer + TE i T px ip dis addi gt ig 
Finally, it should be remembered that when the coefficients are real, complex 
roots of an auxiliary equation always appear in conjugate pairs. Thus, for example, 
à cubic polynomial equation can have at most two complex roots. 


| EXAMPLE 3 Third-Order DE 


Solve y" + 3y” — 4y = 0. 


SOLUTION It should be apparent from inspection of m? + 3m? — 4 = 0 that one 
root is m, = 1, so m — 1 is a factor of m? + 3m? — 4. By division we find 


m? + 3m? — 4 = (m — Dm? + 4m + 4) = (m — Dm + 2y, 


so the other roots are mz = m3 = —2. Thus the general solution of the DE is 
= x —ÀX = DN 
y ge + ce Tare =, E 


= There is more on 
this in the SRSM. 
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| EXAMPLE 4 Fourth-Order DE 


d^y d?y 
Solve du +2 dà +y=0. 


SOLUTION The auxiliary equation m^ + 2m? + 1 = (m? + 1)? — 0 has roots 
m; = m = i and m; = m4 = —i. Thus from Case II the solution is 


y = C,e* + Ce * + Cyxe^ + Caxe ^. 


i 


By Euler's formula the grouping Cie'* + Coe" can be rewritten as 


C,COS X + c sinx 


after a relabeling of constants. Similarly, x(C3e’* + C4e "*) can be expressed as 
x(c3 cos x + c4 sin x). Hence the general solution is 


y =c,cosx + c)sinx + c4x cos x + c4x sin x. " 


Example 4 illustrates a special case when the auxiliary equation has repeated 
complex roots. In general, if mi = a + iB, B > 0 is a complex root of multiplicity k 
of an auxiliary equation with real coefficients, then its conjugate m» = a — if is also 
a root of multiplicity k. From the 2k complex-valued solutions 


eet iBx. xe ix x2eet iB TEM xF Metis 


ea iB xe (7 i8. x2e(e7iBx. eae xk elope 


we conclude, with the aid of Euler’s formula, that the general solution of the corre- 
sponding differential equation must then contain a linear combination of the 2k real 
linearly independent solutions 


ecos Bx, we 00s Bx: xe cas Hx, c. x let cos. Dx, 
esin Bx, zesin Bx, xe sin Bx, ..., x te sin Bx. 
In Example 4 we identify k = 2, a = 0, and B = 1. 

Of course the most difficult aspect of solving constant-coefficient differential equa- 
tions is finding roots of auxiliary equations of degree greater than two. For example, to 
solve 3y” + 5y” + 10y’—4y=0, we must solve 3m? + 5m? * 10m — 4 — 0. 
Something we can try is to test the auxiliary equation for rational roots. Recall that 
if mj = p/q is a rational root (expressed in lowest terms) of an auxiliary equation 
a,m" + +++ + aym + day = 0 with integer coefficients, then p is a factor of ag and q is 
a factor of an. For our specific cubic auxiliary equation, all the factors of ay = —4 and 
a,=3 are p: +1, +2, +4 and q: +1, +3, so the possible rational roots are 
p/q: £1, +2, +4, +i, +3, +4 Each of these numbers can then be tested—say, by 
synthetic division. In this way we discover both the root m, = 1 and the factorization 


3m? + 5m? + 10m — 4 = (m — 1)Gm? + 6m + 12). 


The quadratic formula then yields the remaining roots mọ = —1 + V3i and 
ms = —1— Vi. Therefore the general solution of 3y” + 5y” + 10y' — 4y = 0 is 
y = cje”? + e (cn cos V 3x + csin V 3x). 


USE OF COMPUTERS Finding roots or approximation of roots of auxiliary equa- 
tions is a routine problem with an appropriate calculator or computer software. 
Polynomial equations (in one variable) of degree less than five can be solved by means 
of algebraic formulas using the solve commands in Mathematica and Maple. For aux- 
iliary equations of degree five or greater it might be necessary to resort to numerical 
commands such as NSolve and FindRoot in Mathematica. Because of their capability 
of solving polynomial equations, it is not surprising that these computer algebra 


13 
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systems are also able, by means of their dsolve commands, to provide explicit solu- 
tions of homogeneous linear constant-coefficient differential equations. 

In the classic text Differential Equations by Ralph Palmer Agnew’ (used by the 
author as a student) the following statement is made: 


It is not reasonable to expect students in this course to have computing skill and 
equipment necessary for efficient solving of equations such as 
d d*y 


4 d? d 
4.317 + 2.179 + 1.416 — + 1.295 2 + 3.169y = 0. (13) 
dx* dx dx’ dx i 


Although it is debatable whether computing skills have improved in the intervening 
years, it is a certainty that technology has. If one has access to a computer algebra sys- 
tem, equation (13) could now be considered reasonable. After simplification and some 
relabeling of output, Mathematica yields the (approximate) general solution 


y = c,e 97288?* cos(0.618605x) + ce 97255?* sin(0.618605x) 
+ ¢,€°47678* cos(0.75908 1x) + cze? sin(0.75908 1x). 


Finally, if we are faced with an initial-value problem consisting of, say, a 
fourth-order equation, then to fit the general solution of the DE to the four initial 
conditions, we must solve four linear equations in four unknowns (the c, C2, c3, c4 
in the general solution). Using a CAS to solve the system can save lots of time. See 
Problems 59 and 60 in Exercises 4.3 and Problem 35 in Chapter 4 in Review. 


"McGraw-Hill, New York, 1960. 


|. | EXERCISES 4.3 


Answers to selected odd-numbered problems begin on page ANS-4. 


In Problems 1-14 find the general solution of the given 
second-order differential equation. 


1. 4y”" + y' =0 2. y" — 36y = 0 

3. y" — y' — 6y =0 4. y" — 3y' + 2y - 0 
5. y" + 8y' + 16y 20 6. y" — 10y' + 25y = 0 
7. 12y" — 5y' - 2y 20 8. y” + 4y' - y - 0 
9, y" + 9y 20 10. 3y"*y-0 

11. y" — 4y' + 5y 20 12. 2y" + 2y’+y=0 
13. 3y" + 2y’+y=0 14. 2y" — 3y' + 4y =0 


In Problems 15-28 find the general solution of the given 
higher-order differential equation. 


15. y" — Ay" — 5y' 20 

16. y" —y 20 

17. y" — 5y" + 3y' + 9y 20 
18. y" + 3y" — 4y' - 12y 2 0 


du du 
+ 


19. 
d? dt 


2u = 0 


3 2 
20. m T 4x = 0 

21. y" + 3y" + 3y' +y=0 
22. y" — 6y" + 12y' — 8y =0 
23. y® c y" c y" 0 

24. yO - 2y" +y=0 


d^y d?y 


25. 16 + 24 + 9y=0 
dx* dà ^C 

d^y d?y 
26. T 18y 20 

dx? dx? y 

Mu d^u Bu du du 
27. + 5 10 + + 5u=0 

d? dF ^dP d? dr ™ 
mo QU Os aes ua 

"^ dso ds* ds? ds? 


In Problems 29—36 solve the given initial-value problem. 


29. y” + 16y 20, y(0022,y'(0) = -2 


a (5) (2 
30. = +y=0, v5 od emm 
dg? T8 y3 
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d?y dy 
1. 4 - 1) =0,y'(1) 22 
31. 5-47 — sy =0, y = 0,y'Q) 


32. 4y" - 4y' - 3y 20, yO) = 1, y'(0) =5 

33. y" c y' c 2y 20, y0) =y'(0) =0 

34. y," - 2y' c y 0, y(00— 5, y'(0) = 10 

35. y" + 12y" + 36y’ 20, y(0020,y'(0) = 1, y"(0) = —7 
36. y" + 2y" — 5y' — 6y =0, y(0) = y'(0) = 0, y"(0) = 1 


In Problems 37—40 solve the given boundary-value problem. 


37. y" — 10y' + 25y 20, y(00—Ly1)-0 
38. y” c 4y 20, y(00)20,y(7)-0 


39. y"+y=0, y'(0) = o.»(7) =0 


40. y” —2y' -x2y 2-0, y(0)=1, y(7) = 1 


In Problems 41 and 42 solve the given problem first using 
the form of the general solution given in (10). Solve again, 
this time using the form given in (11). 


Hy -3y—9, y(0)= 1,30) —5 
42. ^ -y 0, y00-Ly(1)-0 


In Problems 43-48 each figure represents the graph of a 
particular solution of one of the following differential 
equations: 


(a) y" - 3! - 4y - 0 

(0 y" -2y!' c y-0 (D y"+y=0 

(e y" + 2y' + 2y=0 (f) y" — 3y' + 2y 20 
Match a solution curve with one of the differential equa- 
tions. Explain your reasoning. 


(b) y" + 4y - 0 


43. y 


=T 


FIGURE 4.3.2 Graph for Problem 43 


xY 


FIGURE 4.3.3 Graph for Problem 44 


45. yt 


=Y 


FIGURE 4.3.4 Graph for Problem 45 


46. y 


=Y 


FIGURE 4.3.5 Graph for Problem 46 


47. YA 


FIGURE 4.3.6 Graph for Problem 47 


48. » 


FIGURE 4.3.7 Graph for Problem 48 


Discussion Problems 


49. The roots of a cubic auxiliary equation are m, = 4 and 


mz = m3 = —5. What is the corresponding homogeneous 
linear differential equation? Discuss: Is your answer 
unique? 


50. Two roots of a cubic auxiliary equation with real coef- 
1 


ficients are m, = —; and m» = 3 + i. What is the corre- 


sponding homogeneous linear differential equation? 
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51. Find the general solution of y” + 6y” + y' — 34y = 0 
if it is known that yj = e *' cos x is one solution. 


52. To solve y“ + y=0, we must find the roots of 
m^ + 1 — 0. This is a trivial problem using a CAS 
but can also be done by hand working with complex 
numbers. Observe that m*+ 1 = (m? + 1)? — 2m’. 
How does this help? Solve the differential equation. 


53. Verify that y = sinh x — 2 cos (x + 7/6) is a particular 
solution of y? — y = 0. Reconcile this particular solu- 
tion with the general solution of the DE. 


54. Consider the boundary-value problem y" + Ay = 0, 
y(0) — 0, y(7/2) — 0. Discuss: Is it possible to 
determine values of A so that the problem possesses 
(a) trivial solutions? (b) nontrivial solutions? 


Computer Lab Assignments 


In Problems 55-58 use a computer either as an aid in 
solving the auxiliary equation or as a means of directly 
obtaining the general solution of the given differential 
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equation. If you use a CAS to obtain the general solution, 
simplify the output and, if necessary, write the solution in 
terms of real functions. 


55. y" — 6y" -2y' +y - 0 
56. 6.11y" + 8.59y" + 7.93y' + 0.778y = 0 
57. 3.15y(9 — 5.34y" + 6.33y’ — 2.03y = 0 
58. y + 2y" —- y' + 2y 20 


In Problems 59 and 60 use a CAS as an aid in solving 
the auxiliary equation. Form the general solution of the dif- 
ferential equation. Then use a CAS as an aid in solving the 
system of equations for the coefficients c;, i — 1, 2, 3, 4 that 
results when the initial conditions are applied to the general 
solution. 


59. 2y + 3y" — 16y" + 15y' — 4y = 0, 
y(0) = —2, y'(0) = 6, y"(0) = 3, »"(0) = 5 


60. y® — 3y" + 3y”—y' 2 0, 
y(0) = y'(0) = 0, y"(0) = "(00 = 1 


4.4 UNDETERMINED COEFFICIENTS—SUPERPOSITION 


APPROACH* 


REVIEW MATERIAL 


we must do two things: 


* find the complementary function ye and 
e find any particular solution y, of the nonhomogeneous equation (1). 


e Review Theorems 4.1.6 and 4.1.7 (Section 4.1) 


INTRODUCTION To solve a nonhomogeneous linear differential equation 


dy deu, vy +-+- sb ayy! + agy = g(x), (1) 


Then, as was discussed in Section 4.1, the general solution of (1) is y = ye + yp. The complemen- 
tary function ye is the general solution of the associated homogeneous DE of (1), that is, 


a, y? + gaye! T omen ayy’ + doy = 0. 


In Section 4.3 we saw how to solve these kinds of equations when the coefficients were constants. 
Our goal in the present section is to develop a method for obtaining particular solutions. 


“Note to the Instructor: In this section the method of undetermined coefficients is developed from the 
viewpoint of the superposition principle for nonhomogeneous equations (Theorem 4.7.1). In Section 4.5 


an entirely different approach will be presented, one utilizing the concept of differential annihilator 


operators. Take your pick. 
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METHOD OF UNDETERMINED COEFFICIENTS The first of two ways we 
shall consider for obtaining a particular solution y, for a nonhomogeneous linear DE 
is called the method of undetermined coefficients. The underlying idea behind 
this method is a conjecture about the form of y,, an educated guess really, that is 
motivated by the kinds of functions that make up the input function g(x). The general 
method is limited to linear DEs such as (1) where 


e the coefficients a;,i = 0, 1, ..., n are constants and 

e g(x) is a constant k, a polynomial function, an exponential function e^", 
a sine or cosine function sin 8x or cos Bx, or finite sums and products 
of these functions. 


NOTE Strictly speaking, g(x) = k (constant) is a polynomial function. Since a con- 
stant function is probably not the first thing that comes to mind when you think of 
polynomial functions, for emphasis we shall continue to use the redundancy 
"constant functions, polynomials, ....” 


The following functions are some examples of the types of inputs g(x) that are 
appropriate for this discussion: 


g(x) = 10, g0) =X- 5x, — gQ) = 15x — 6 + 8e™, 
g(x) = sin 3x — 5x cos 2x, g(x) = xe'sin x + (3x2 — De-. 
That is, g(x) is a linear combination of functions of the type 


P(x) = apx" + ap- X7! + -++ + ax + ag, P(x) e*, P(x) e™ sin Bx, and P(x) e** cos Bx, 


where n is a nonnegative integer and a and f are real numbers. The method of 
undetermined coefficients is not applicable to equations of form (1) when 


1 
g(x)=Inx, g(xX)-— gx) =tanx, g(x) = sin !x, 
x 


and so on. Differential equations in which the input g(x) is a function of this last kind 
will be considered in Section 4.6. 

The set of functions that consists of constants, polynomials, exponentials 
e**, sines, and cosines has the remarkable property that derivatives of their sums 
and products are again sums and products of constants, polynomials, exponen- 
tials e^*, sines, and cosines. Because the linear combination of derivatives 
a y + a, ye"? +: + ayp + agy, must be identical to g(x), it seems 
reasonable to assume that y, has the same form as g(x). 

The next two examples illustrate the basic method. 


ax 


i EXAMPLE 1 General Solution Using Undetermined Coefficients 


Solve y" + 4y' — 2y = 2x? — 3x + 6. (2) 


SOLUTION Step 1. We first solve the associated homogeneous equation 
y" + 4y' — 2y = 0. From the quadratic formula we find that the roots of the auxil- 
iary equation m? + 4m — 2 = 0 are m, = —2 — V6 and m, = —2 + V6. Hence 
the complementary function is 


y celt 6)x 4. ce -?* V6)». 


Step 2. Now, because the function g(x) is a quadratic polynomial, let us assume a 
particular solution that is also in the form of a quadratic polynomial: 


Yp = Ax? + Bx * C. 
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We seek to determine specific coefficients A, B, and C for which y, is a solution 
of (2). Substituting y, and the derivatives 


y, = 2Ax + B and Yp = 2A 
into the given differential equation (2), we get 


yp + 4y, — 2y, = 2A + 8Ax + 4B — 2Ax? — 2Bx — 2C = 2x? — 3x + 6. 


Because the last equation is supposed to be an identity, the coefficients of like powers 
of x must be equal: 


equal 


—2A |x2+|/84 - 2B x - | 24+4B—2C | =2x2-3x+6 


That is, —2A — 2, 8A — 2B = —3, 2A + 4B — 2C = 6. 
Solving this system of equations leads to the values A — —1, B — —3, and C = —9. 


Thus a particular solution is 


yp = X -x-9. 


Step 3. The general solution of the given equation is 


5 
Y= y +y = c,e 2tVve)« n c,e -2* V6) NU z? — 9. = 


I EXAMPLE 2 Particular Solution Using Undetermined Coefficients 


Find a particular solution of y" — y' + y = 2 sin 3x. 


SOLUTION A natural first guess for a particular solution would be A sin 3x. But 
because successive differentiations of sin 3x produce sin 3x and cos 3x, we are 
prompted instead to assume a particular solution that includes both of these terms: 


Yp = A cos 3x + B sin 3x. 


Differentiating y, and substituting the results into the differential equation gives, 
after regrouping, 

Yp T Yp + Yp = (-8A — 3B) cos 3x + GA — 8B) sin 3x = 2 sin 3x 
or 


equal 


—8A — 3B | cos 3x + | 3A — 8B sin 3x = 0 cos 3x + 2 sin 3x. 


From the resulting system of equations, 
—8A — 3B = 0, 3A — 8B = 2, 


we get A = S and B — m A particular solution of the equation is 


_ 6 16 . 
Yp 73 cos 3x 73 sin 3x. a 


As we mentioned, the form that we assume for the particular solution y, is an 
educated guess; it is not a blind guess. This educated guess must take into consider- 
ation not only the types of functions that make up g(x) but also, as we shall see in 
Example 4, the functions that make up the complementary function ye. 
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| EXAMPLE 3 Forming y, by Superposition 


Solve y" — 2y' — 3y = 4x — 5 + 6xe™. (3) 


SOLUTION Step1. First, the solution of the associated homogeneous equation 
y" — 2y' — 3y = 0 is found to be y, = cye* + cye*. 


Step 2. Next, the presence of 4x — 5 in g(x) suggests that the particular solution 
includes a linear polynomial. Furthermore, because the derivative of the product xe?" 
produces 2xe?* and &?*, we also assume that the particular solution includes both 
xe?* and e2*. In other words, g is the sum of two basic kinds of functions: 


g(x) = g(x) + g(x) = polynomial + exponentials. 


Correspondingly, the superposition principle for nonhomogeneous equations 
(Theorem 4.1.7) suggests that we seek a particular solution 


Yp = Yp, F Ypy 
where y, = Ax + B and y,, = Cxe** + Ee", Substituting 
y, = Ax + B + Cxe* + Ee™ 
into the given equation (3) and grouping like terms gives 


Yp — 23 39, —3Àx — 2A = 3B 3Cxe™ + (2C — 3E)e™ = Ax — 5 + 6xe™. (4) 


From this identity we obtain the four equations 


3A = 4, 2A = 3B S =), 3C = 6, 2C — 3E = 0. 


The last equation in this system results from the interpretation that the coefficient of 
e?* in the right member of (4) is zero. Solving, we find A $ B n, C 2, and 
E= -i Consequently, 


Step 3. The general solution of the equation is 


Tx + 3x 4 + 23 (2 + $) 2x m 
= ce * + ce” x X e^ 
di WA 3 

In light of the superposition principle (Theorem 4.1.7) we can also approach 
Example 3 from the viewpoint of solving two simpler problems. You should verify 
that substituting 


Yp, = Ax +B into y" 2y' 3y = 4x 5 
and Yp, = Cxe** + Ee into y" — 2y! — 3y = 6xe 
yields, in turn, y, = —3x + $ and y, = —(2x + $)e^*. A particular solution of (3) 


is then y, = yp, + y. 
The next example illustrates that sometimes the “obvious” assumption for the 
form of y, is not a correct assumption. 


| EXAMPLE 4 A Glitch in the Method 


Find a particular solution of y" — 5y' + 4y = 8e". 


SOLUTION Differentiation of e* produces no new functions. Therefore proceeding 
as we did in the earlier examples, we can reasonably assume a particular solution of 
the form y, = Ae". But substitution of this expression into the differential equation 
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yields the contradictory statement 0 = 8e", so we have clearly made the wrong guess 
for yp. 

The difficulty here is apparent on examining the complementary function 
Ye = ce" + coe*. Observe that our assumption Ae* is already present in ye. This 
means that e* is a solution of the associated homogeneous differential equation, and 
a constant multiple Ae* when substituted into the differential equation necessarily 
produces zero. 

What then should be the form of y,? Inspired by Case II of Section 4.3, let's see 
whether we can find a particular solution of the form 


yp = Axe". 


Substituting y, = Axe* + Ae* and y; = Axe* + 2Ae" into the differential equation 
and simplifying gives 


y — 5y, 45-348 = Be. 


From the last equality we see that the value of A is now determined as A = -i 
Therefore a particular solution of the given equation is y, = —-ixe-. a 


The difference in the procedures used in Examples 1—3 and in Example 4 
suggests that we consider two cases. The first case reflects the situation in 
Examples 1-3. 


CASE | No function in the assumed particular solution is a solution of the asso- 
ciated homogeneous differential equation. 


In Table 4.1 we illustrate some specific examples of g(x) in (1) along with the 
corresponding form of the particular solution. We are, of course, taking for granted 
that no function in the assumed particular solution y, is duplicated by a function in 
the complementary function ye. 


TABLE 4.1 Trial Particular Solutions 


g(x) Form of y, 
1. 1 (any constant) A 
2. 95x 7 Ax+B 
3. 3x7 -2 Ax? + Bx+C 
4.x5-x+1 Ax + Bx? + Cx +E 
5. sin 4x A cos 4x + B sin 4x 
6. cos 4x A cos 4x + B sin 4x 
7. e? Ae“ 
8. (9x — 2)e>* (Ax + B)e? 
9. xe” (Ax? + Bx + C)e?* 
10. e?' sin 4x Ae?* cos 4x + Be** sin 4x 
11. 5x? sin 4x (Ax? + Bx + C) cos 4x + (Ex? + Fx + G) sin 4x 
12. xe** cos 4x (Ax + B)e?* cos Ax + (Cx + E)e** sin 4x 


l EXAMPLE 5 Forms of Particular Solutions — Case I 


Determine the form of a particular solution of 
(a) y" — 8y’ + 25y = 5x%e* — 7e™ (b) y" + 4y = x cos x 
SOLUTION (a) We can write g(x) = (5x2 — Te *. Using entry 9 in Table 4.1 as 
a model, we assume a particular solution of the form 
yp (A + Bx? + Cx + E)e™. 


Note that there is no duplication between the terms in y, and the terms in the comple- 
mentary function ye = e^ (c cos 3x + c» sin 3x). 
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(b) The function g(x) = x cos x is similar to entry 11 in Table 4.1 except, of course, 
that we use a linear rather than a quadratic polynomial and cos x and sin x instead of 
cos 4x and sin 4x in the form of y,: 


Vp = (Ax + B)cos x + (Cx + E) sin x. 


Again observe that there is no duplication of terms between y, and 
Ye = c1 COS 2x + c2 sin 2x. [| 


If g(x) consists of a sum of, say, m terms of the kind listed in the table, then (as in 
Example 3) the assumption for a particular solution y, consists of the sum of the trial 
forms y,,, Yp,» - - . , Yp, corresponding to these terms: 


Yp = Yp F Xp, 0t E Ye 
The foregoing sentence can be put another way. 


Form Rule for Case I The form of yy is a linear combination of all linearly 
independent functions that are generated by repeated differentiations of g(x). 


I EXAMPLE 6 Forming y; by Superposition — Case I 


Determine the form of a particular solution of 


y" — 9y' + 14y = 32 — 5 sin 2x + 7xe$. 


SOLUTION 
Corresponding to 3x? we assume Vp, = Ax + Bx+C. 
Corresponding to — 5 sin 2x we assume Yp, = Ecos 2x + F sin 2x. 
Corresponding to 7xe°* we assume Yp, = (Gx + H ee, 
The assumption for the particular solution is then 
Yp = yp, + Yp, + Yp, = AX + Bx + C + Ecos 2x + F sin 2x + (Gx + H)e*. 


No term in this assumption duplicates a term in y, = cye* + c5e?*. a 
CASE ll A function in the assumed particular solution is also a solution of the 
associated homogeneous differential equation. 


The next example is similar to Example 4. 


I EXAMPLE 7 Particular Solution —Case II 


Find a particular solution of y" — 2y' + y = e*. 


SOLUTION The complementary function is y, = cje” + coxe". As in Example 4, 
the assumption y, = Ae* will fail, since it is apparent from y, that e* is a solution of 
the associated homogeneous equation y" — 2y' + y = 0. Moreover, we will not be 
able to find a particular solution of the form y, = Axe", since the term xe" is also 
duplicated in ye. We next try 


yp = ALe. 


Substituting into the given differential equation yields 2Ae* = e*, so A = L, Thus a 
particular solution is y, = ix'e*. [| 
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Suppose again that g(x) consists of m terms of the kind given in Table 4.1, and 
suppose further that the usual assumption for a particular solution is 


Yp = Yp, + Yp EE Yp 


where the y,, i = 1, 2, . . . , m are the trial particular solution forms corresponding to 


these terms. Under the circumstances described in Case II, we can make up the 
following general rule. 


Multiplication Rule for Case II If any y, contains terms that duplicate terms in 
Yo then that y, must be multiplied by x", where n is the smallest positive integer 
that eliminates that duplication. 


| EXAMPLE 8 An Initial-Value Problem 


Solve y" + y = 4x + 10 sin x, y(7) = 0, y'(7) = 2. 


SOLUTION The solution of the associated homogeneous equation y" + y = 0 
is yc = cı cos x + c» sin x. Because g(x) = 4x + 10 sin x is the sum of a linear 
polynomial and a sine function, our normal assumption for y,, from entries 2 and 5 
of Table 4.1, would be the sum of y, = Ax + Bandy, = C cos x + E sin x: 


yp = Ax + B+ Ccosx + Esinx. (5) 


But there is an obvious duplication of the terms cos x and sin x in this assumed form 
and two terms in the complementary function. This duplication can be eliminated by 
simply multiplying y,, by x. Instead of (5) we now use 


Yp = Ax + B + Cxcosx + Ex sin x. (6) 


Differentiating this expression and substituting the results into the differential 
equation gives 


yp t yp = Ax + B — 2Csinx + 2Ecos x = 4x + 10 sin x, 


and so A = 4, B = 0, —2C = 10, and 2E = 0. The solutions of the system are 
immediate: A = 4, B — 0, C = —5, and E = 0. Therefore from (6) we obtain 
yp — 4x — 5x cos x. The general solution of the given equation is 


y — Ye + y, = €,c08 x + c5sinx + 4x — 5x cos x. 


We now apply the prescribed initial conditions to the general solution of the 
equation. First, y() = cı cos 7 + c2 sin m + 4r — Sa cos m = 0 yields c, = 97, 


since cos 7 = —1 and sin 7 = 0. Next, from the derivative 
y' = —Osrsin x + c5cos x + 4 + 5xsinx — 5cosx 
and y'(a) = —Osarsin 7 + cacos 7 + 4 + 5arsin m —5cosm = 2 


we find c2 = 7. The solution of the initial-value is then 


y = 9g cos x + 7sinx + 4x — 5x cos x. a 


I EXAMPLE 9 Using the Multiplication Rule 


Solve y" — 6y' + 9y = 6x? + 2 — 12e. 


SOLUTION The complementary function is ye = cie?" + coxe?*. And so, based on 
entries 3 and 7 of Table 4.1, the usual assumption for a particular solution would be 


3; — Ax 9 Bee C d Aet. 
—— 
Jp, 


Yp, 
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Inspection of these functions shows that the one term in y,, is duplicated in ye. If 
we multiply y,, by x, we note that the term xe?” is still part of ye. But multiplying 
Yp, by x? eliminates all duplications. Thus the operative form of a particular 
solution is 


y= Ae + Bx +CH Exe”. 


Differentiating this last form, substituting into the differential equation, and collecting 
like terms gives 


yp = 6y, + 9y, = 9Ax? + (C12A + 9B)x + 2A — 6B + 9€ + 2Ee* = 6x? + 2 — 12e*. 


It follows from this identity that A — 2, B= 5. C= A and E = —6. Hence the general 


solution y = ye + yp iS y = cie? + coxe” + =x 4 $x s i — 6x2e?*, E 


| EXAMPLE 10 Third-Order DE—Case I 


m 


Solve y” + y” = e* cos x. 

SOLUTION From the characteristic equation m? + m? = 0 we find m, = m = 0 
and 7: -— —1. Hence the complementary function of the equation is 
ye = c1 + Cox + cae ^. With g(x) = e* cos x, we see from entry 10 of Table 4.1 that 
we should assume that 


y, = Ae'cos x + Be'sin x. 


Because there are no functions in y, that duplicate functions in the complementary 
solution, we proceed in the usual manner. From 


yp typ (72A + AB)e'cos x + (-4A — 2B)e'sinx = e*cosx 


we get —2A + 4B = | and —4A — 2B = 0. This system gives A = -5 and B = i, 
so a particular solution is y, = —5 e“cos x + ie sin x. The general solution of the 


equation is 


1 1 
Y = Ye t Yp = Cy + Cox + 30% — ma + g € sin x. H 


l EXAMPLE 11 Fourth-Order DE —Case II 


2m 


Determine the form of a particular solution of y + y" = 1 — x?e *. 
SOLUTION Comparing ye = cı + cox + c3x? + cae * with our normal assumption 


for a particular solution 


Yp = A + Bre + Cre + Ee *, 
M o N Y 2 


Yp, Jp; 


we see that the duplications between y, and y, are eliminated when y,, is multiplied 
by x? and Yp, is multiplied by x. Thus the correct assumption for a particular solution 
isyys Ax? + Bxee* + Cx e? + Exe™. E 
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REMARKS 


(i) In Problems 27-36 in Exercises 4.4 you are asked to solve initial-value 
problems, and in Problems 37—40 you are asked to solve boundary-value 
problems. As illustrated in Example 8, be sure to apply the initial conditions or 
the boundary conditions to the general solution y = ye + yp. Students often 
make the mistake of applying these conditions only to the complementary 
function y, because it is that part of the solution that contains the constants 
(ilo E95 a oo 6 Gre 

(ii) From the “Form Rule for Case I" on page 145 of this section you see why 
the method of undetermined coefficients is not well suited to nonhomogeneous 
linear DEs when the input function g(x) is something other than one of the four 
basic types highlighted in color on page 141. For example, if P(x) is a polyno- 
mial, then continued differentiation of P(x)e^" sin Bx will generate an indepen- 
dent set containing only a finite number of functions —all of the same type, 
namely, a polynomial times e°* sin Bx or a polynomial times e?* cos Bx. On 
the other hand, repeated differentiation of input functions such as g(x) = In x 
or g(x) = tan” !x generates an independent set containing an infinite number of 
functions: 


ll 2 


derivatives of ln x: E n. 
t Du. 


1 —2x —2+ 6x 


1 e. 
1-3 14+2+) 0-422 


derivatives of tan” x: 


| EXERCISES 4.4 


Answers to selected odd-numbered problems begin on page ANS-5. 


In Problems 1—26 solve the given differential equation by 16. y" 


un 


1 
2 
3 
4 


Un 


© © N A 


determined coefficients. 


. y" +3y'+2y=6 

. Ay" +9y=15 

. y" — 10y' + 25y = 30x + 3 
ey" ty — by 22x 


l5 ! 2 
p +y +y=x°— 2x 


. y" — 8y' + 20y = 100x? — 26xe* 
. y" + 3y = —48x7e3* 

. Ay" — 4y' — 3y = cos 2x 
.y—y'-2-—3 

.y'-2y 22x t5—e7 


"n , 1 
y yy (ug ste 


. y" — 16y = 2e“ 
. y" + 4y = 3 sin 2x 
. y" — 4y = (x? — 3) sin 2x 


. y" t y = 2x sinx 


5y = 2x? — 4x7 -x +6 

17. y" — 2y' + 5y = e* cos 2x 

18. y" — 2y' + 2y = e?'(cos x — 3 sin x) 
19. y" + 2y' + y = sin x + 3 cos 2x 
20. y" + 2y' — 24y = 16 — (x + 2)e* 
21. y" — 6y" = 3 — cos x 

22. y" — 2y" — 4y' + 8y = 6xe?* 

23. y" — 3y" + 3y' - y 2x — 4e* 

24. y" — y" — 4y + 4y = 5— e” + e” 
25. y® + 2y" +y = (x — 1)? 

26. yO — y" = 4x + 2xe™ 


In Problems 27-36 solve the given initial-value problem. 


T 1 T 
27. y" + Ay = -2, = y! =2 
yg- (Z)=hy(2) 


28. 2y" + 3y' — 2y = 14x? — Ax — 11, yO) =0, y'(0) 20 
29. 5y" + y' 2 —6x, y(0) = 0, y'(0) = —10 

30. y” + 4y' -4y 2 8 - xe, y(0) =2, y'(0) =5 
31. y" + 4y' + 5y 2 35e "^, y(0) = —3,y'(00 = 1 
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32. y” — y 2 coshx, y(0)= 2, y'(0) = 12 


d?x " . ; 
33. — + wx = Fosinwt, x(0) =0,x'(0) =0 


ae. 4 l 

34. p + wx = Focos yt, x(0) = 0, x'(0) 20 

35. y” — 2y" + y' =2 — 24e* + 40e™, y(0 = 4, 
YO=320>-3 

36. y” + 8y =2x-—5+8e%*, y(0) = —5,y'(0) = 3, 
y'(0) = —4 


In Problems 37—40 solve the given boundary-value problem. 


37. ,'-y 2x2 +1, y(00-5,y() =0 

38. y” — 2y' -2y 22x - 2, y(0020,y(7) = 7 
39. y” + 3y = 6x, y(0)20,y(D + y' (1) = 0 
40. y" + 3y = 6x, y(0) + y'(0) = 0, y(1) = 0 


In Problems 41 and 42 solve the given initial-value problem 
in which the input function g(x) is discontinuous. [Hint: 
Solve each problem on two intervals, and then find a solution 
so that y and y' are continuous at x = 7 /2 (Problem 41) and 
at x = m (Problem 42).] 


4l. y" + 4y = g(x), y(002 Ly'(0) 22, where 


ss sinx, O0-zx-m/2 
d 0, x 7/2 


42. y" — 2y' + 10y = g(x), y(0)20,y'(0) 20, where 


(x) 20, Sx 
x) = 
i 0 xq 


Discussion Problems 


43. Consider the differential equation ay" + by’ + cy = e*, 
where a, b, c, and k are constants. The auxiliary 
equation of the associated homogeneous equation is 
am? + bm ^ c — 0. 


(a) If k is not a root of the auxiliary equation, show 
that we can find a particular solution of the form 
yp = Ae", where A = 1/(aK? + bk + c). 

(b) If k is a root of the auxiliary equation of multiplicity 
one, show that we can find a particular solution of 
the form y, = Axe", where A = 1/(2ak + b). 
Explain how we know that k # —b/(2a). 


(c) If k is a root of the auxiliary equation of multiplicity 
two, show that we can find a particular solution of the 
form y = Ax?e", where A = 1/(2a). 


44. Discuss how the method of this section can be used 
to find a particular solution of y" + y = sin x cos 2x. 
Carry out your idea. 


45. Without solving, match a solution curve of y" + y = f(x) 
shown in the figure with one of the following functions: 
Ü fQ) 9 1, (ii) fx) =e, 
(iii) f(x) = e^, (iv) f(x) = sin 2x, 
(v) f(x) = e* sin x, (vi) f(x) = sin x. 


Briefly discuss your reasoning. 


| ev 


FIGURE 4.4.1 


Solution curve 


La 


FIGURE 4.4.2 Solution curve 


FIGURE 4.4.3 Solution curve 
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FIGURE 4.4.4 Solution curve 


Computer Lab Assignments 


In Problems 46 and 47 find a particular solution of the given 
differential equation. Use a CAS as an aid in carrying out 
differentiations, simplifications, and algebra. 


46. y" — 4y' + 8y = (2x? — 3x)e?* cos 2x 
+ (10x? — x — De?! sin 2x 


47. y® + 2y" + y = 2cos x — 3x sin x 
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4.5 UNDETERMINED COEFFICIENTS —ANNIHILATOR APPROACH 


REVIEW MATERIAL 
e Review Theorems 4.1.6 and 4.1.7 (Section 4.1) 


INTRODUCTION We saw in Section 4.1 that an nth-order differential equation can be written 
a,D"y + a, ,D" ly p a,Dy + ay = gx), (1) 


where D*y = d‘y/dx*, k = 0, 1,...,n. When it suits our purpose, (1) is also written as L(y) = g(x), 
where L denotes the linear nth-order differential, or polynomial, operator 


a,D" + a, 4D'! t: t aD + ag. (2) 


Not only is the operator notation a helpful shorthand, but also on a very practical level the 
application of differential operators enables us to justify the somewhat mind-numbing rules for 
determining the form of particular solution y, that were presented in the preceding section. In this 
section there are no special rules; the form of y, follows almost automatically once we have found 
an appropriate linear differential operator that annihilates g(x) in (1). Before investigating how this 
is done, we need to examine two concepts. 


FACTORING OPERATORS When the coefficients aj, i= 0, 1,..., n are real 
constants, a linear differential operator (1) can be factored whenever the characteris- 
tic polynomial anm” + a m" | + +++ + aym + apo factors. In other words, if r; is 
a root of the auxiliary equation 


a,m" a, m" !+++++ aum + ag = 0, 


then L = (D — rı) P(D), where the polynomial expression P(D) is a linear differential 
operator of order n — 1. For example, if we treat D as an algebraic quantity, then the 
operator D? + 5D + 6 can be factored as (D + 2)(D + 3) oras (D + 3)(D + 2). Thus 
if a function y — f(x) possesses a second derivative, then 


(D? + 5D + 6)y = (D  2)(D + 3y = (D + 3D + 2)y. 
This illustrates a general property: 
Factors of a linear differential operator with constant coefficients commute. 


A differential equation such as y" + 4y’ + 4y = 0 can be written as 
(D?+4D+4)y=0 or (D+2)D+2)y=0 or (D+2)*y=0. 


ANNIHILATOR OPERATOR If L is a linear differential operator with constant 
coefficients and fis a sufficiently differentiable function such that 


LCf(x)) = 0, 


then L is said to be an annihilator of the function. For example, a constant function 
y = k is annihilated by D, since Dk = 0. The function y = x is annihilated by the 
differential operator D? since the first and second derivatives of x are 1 and 0, 
respectively. Similarly, D?x? — 0, and so on. 


The differential operator D" annihilates each of the functions 
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As an immediate consequence of (3) and the fact that differentiation can be done 
term by term, a polynomial 


Co t cx + cx? Feirste] (4) 


can be annihilated by finding an operator that annihilates the highest power of x. 

The functions that are annihilated by a linear nth-order differential operator L 
are simply those functions that can be obtained from the general solution of the 
homogeneous differential equation L(y) = 0. 


The differential operator (D — a)" annihilates each of the functions 


ox 
> 


Pi = 
e pM eee xt-lgax. (5) 


To see this, note that the auxiliary equation of the homogeneous equation 
(D — a)"y = 0 is (m — a)" = 0. Since a is a root of multiplicity n, the general 
solution is 


y = cye™  cxe"* +++ + cxt leo, (6) 


| EXAMPLE 1 Annihilator Operators 


Find a differential operator that annihilates the given function. 


(a) 1 — 5x? + 8x?  (be* (© 4e?* — 10xe?* 


SOLUTION (a) From (3) we know that D^x? = 0, so it follows from (4) that 
D*(1 — 5x? + 8x) = 0. 
(b) From (5), with a = —3 and n = 1, we see that 
(D + 3)e?* = 0. 
(c) From (5) and (6), with a = 2 and n = 2, we have 
(D — 2)?(4e?* — 10xe?*) = 0. E 


When a and f, B > 0 are real numbers, the quadratic formula reveals that 
[m? — 2am + (a? + B’)}" = 0 has complex roots a + iB, a — iB, both of multi- 
plicity n. From the discussion at the end of Section 4.3 we have the next result. 


The differential operator [D? — 2aD + (a? + B?)" annihilates each of the 


functions 
Eo M 0s ox xe cos Ox, ..., x” le**cos Bx, (7) 
Eu M G xe° sin Px, ..., x* 'e sin Bx. 


l EXAMPLE 2 Annihilator Operator 


Find a differential operator that annihilates 5e * cos 2x — 9e * sin 2x. 

SOLUTION Inspection of the functions e * cos 2x and e * sin 2x shows that 
a = —1 and f = 2. Hence from (7) we conclude that D? + 2D + 5 will annihilate 
each function. Since D? + 2D + 5 is a linear operator, it will annihilate any linear 
combination of these functions such as 5e * cos 2x — 9e * sin 2x. a 
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When a — 0 and n — 1, a special case of (7) is 


cos Bx _ 


(D* + B) | (8) 


sin Bx 


For example, D? + 16 will annihilate any linear combination of sin 4x and cos 4x. 

We are often interested in annihilating the sum of two or more functions. As we 
have just seen in Examples 1 and 2, if L is a linear differential operator such 
that L(y) =0 and L(y2) ^ 0, then L will annihilate the linear combination 
C1y1(X) + c2y2(x). This is a direct consequence of Theorem 4.1.2. Let us now suppose 
that Lı and L» are linear differential operators with constant coefficients such that Li 
annihilates y;(x) and Lz annihilates yo(x), but Lı(y2) 0 and L2(y1) # 0. Then the 
product of differential operators LL» annihilates the sum c1yı(x) + c2y2(x). We can 
easily demonstrate this, using linearity and the fact that L1L» = LoL}: 


Lib(y, + yo) = LyL(y1) + Liby») 
= LL (y) + LyLy(y2) 
= DIL] + LLY] = 0. 


zero Zero 


For example, we know from (3) that D? annihilates 7 — x and from (8) that 
D? + 16 annihilates sin 4x. Therefore the product of operators D?(D? + 16) will 
annihilate the linear combination 7 — x + 6 sin 4x. 


NOTE The differential operator that annihilates a function is not unique. We saw 
in part (b) of Example 1 that D + 3 will annihilate e ?", but so will differential 
operators of higher order as long as D + 3 is one of the factors of the operator. For 
example, (D + 3)(D + 1), (D + 3, and D?(D + 3) all annihilate e~**. (Verify this.) 
As a matter of course, when we seek a differential annihilator for a function y = f(x), 
we want the operator of lowest possible order that does the job. 


UNDETERMINED COEFFICIENTS This brings us to the point of the preceding 
discussion. Suppose that L(y) = g(x) is a linear differential equation with constant 
coefficients and that the input g(x) consists of finite sums and products of the func- 
tions listed in (3), (5), and (7) —that is, g(x) is a linear combination of functions of 
the form 


k (constant), x", x"e^* ae” cos Bx, and xe sin Bx, 


where m is a nonnegative integer and o and f are real numbers. We now know 
that such a function g(x) can be annihilated by a differential operator Lı of 
lowest order, consisting of a product of the operators D", (D — a)", and 
(D? — 2aD + a? + B®". Applying Lı to both sides of the equation L(y) = g(x) 
yields LiL(y) = Li(g(x)) = 0. By solving the homogeneous higher-order equation 
LıL(y) = 0, we can discover the form of a particular solution y, for the original 
nonhomogeneous equation L(y) — g(x). We then substitute this assumed form into 
L(y) = g(x) to find an explicit particular solution. This procedure for determining 
yp, called the method of undetermined coefficients, is illustrated in the next 
several examples. 

Before proceeding, recall that the general solution of a nonhomogeneous 
linear differential equation L(y) = g(x) is y = y; + yp, where ye is the comple- 
mentary function —that is, the general solution of the associated homogeneous 
equation L(y) = 0. The general solution of each equation L(y) = g(x) is defined 
on the interval (—, oo). 
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| EXAMPLE 3 General Solution Using Undetermined Coefficients 


Solve y" + 3y' + 2y = 4x?. (9) 


SOLUTION Step1. First, we solve the homogeneous equation y" + 3y' + 2y = 0. 
Then, from the auxiliary equation m? + 3m 2 — (m + 1)\(m+ 2) = 0 we find 
m, = —1 and m, = —2,and so the complementary function is 

ye7ce*- coe ?*, 


Step 2. Now, since 4x? is annihilated by the differential operator D?, we see that 
D*(D? + 3D + 2)y = AD?x? is the same as 


D?(D? + 3D + 2)y = 0. (10) 
The auxiliary equation of the fifth-order equation in (10), 


mm + 3m +2)=0 or m(m+ Dm + 2) =0, 


has roots m; = m = ma = 0, m4 l, and ms — —2. Thus its general solution 
must be 


y =c; + cx + cx? + cae + ce 7, (11) 


The terms in the shaded box in (11) constitute the complementary function of the 
original equation (9). We can then argue that a particular solution y, of (9) should 
also satisfy equation (10). This means that the terms remaining in (11) must be the 
basic form of y,: 


y =A + Bx + Cx, (12) 
where, for convenience, we have replaced c1, c», and c3 by A, B, and C, respectively. 
For (12) to be a particular solution of (9), it is necessary to find specific coefficients 
A, B, and C. Differentiating (12), we have 

Yp = B + 2Cx, y, 26, 
and substitution into (9) then gives 


yp + 3y, + 2y, = 2C + 3B + 6Cx + 2A + 2Bx + 2Cx? = 4x. 


Because the last equation is supposed to be an identity, the coefficients of like powers 
of x must be equal: 


equal 
2C |x2+| 2B - 6C |x - | 24+ 3B - 2C | - Ag Ox 4 O. 
That is 2C=4, 2B+6C=0, 2A+3B+2C=0. (13) 


Solving the equations in (13) gives A=7, B — —6, and C=2. Thus 
Yp = 7 — 6x + 2x?. 


Step 3. The general solution of the equation in (9) is y = ye + yp or 


y=ce*+ ce? +7 — 6x 2x. H 
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| EXAMPLE 4 General Solution Using Undetermined Coefficients 


Solve y" — 3y’ = 8e + 4 sin x. (14) 


SOLUTION Step 1. The auxiliary equation for the associated homogeneous equa- 
tion y" — 3y' = 0 is m? — 3m = m(m — 3) = 0, soy, = c + coe". 


Step 2. Now, since (D — 3)e?* = 0 and (D? + 1) sin x = 0, we apply the differen- 
tial operator (D — 3)(D? + 1) to both sides of (14): 


(D — 3)(D? + 1)(D? — 3D)y = 0. (15) 
The auxiliary equation of (15) is 
Gn — 3)n? + Dm? — 3m) = 0 or mim — 3 (n? + 1) = 0. 


he 


Thus y= c + ce&*  cyxe? + cycos x + cs sin x. 


After excluding the linear combination of terms in the box that corresponds to ye, we 
arrive at the form of yp: 


y, = Axe" + B cos x + Csinx. 
Substituting y, in (14) and simplifying yield 
y, — 3y, = 3Ae* + (-B — 3C) cos x + GB — C)sinx = 8e* + 4 sin x. 


Equating coefficients gives 3A = 8, —B — 3C = 0, and 3B — C = 4. We find A = 3, 
B = 2, and C — —2, and consequently, 


= 3x 6 2 1 
Yp gue 7 ROSE gone 


Step 3. The general solution of (14) is then 


x49 6 2 
y= c toe E d y COSA z Sin x. E 


l EXAMPLE 5 General Solution Using Undetermined Coefficients 


Solve y" + y = xcos x — cos x. (16) 


SOLUTION The complementary function is ye = c; cos x + cz sin x. Now by com- 
paring cos x and x cos x with the functions in the first row of (7), we see that a = 0 
and n = 1, and so (D? + 1)? is an annihilator for the right-hand member of the equa- 
tion in (16). Applying this operator to the differential equation gives 


Q?-1PQX-D0Dy-0 o (D +1y=0. 


Since i and —i are both complex roots of multiplicity 3 of the auxiliary equation of 
the last differential equation, we conclude that 


y= c,cosx + c;sinx + cx cos x  cax sinx + cgx?cos x + cox?sin x. 
We substitute 
y, = Ax cos x + Bx sin x + Cx’ cos x + Ex’ sin x 
into (16) and simplify: 
Yp + y, = 4 Ex cos x — 4 Cx sin x + (2B + 2C) cos x + (—2A + 2E) sin x 


X COS X — COS X. 
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Equating coefficients gives the equations 4E = 1, —4C = 0, 2B + 2C = — 1, and 
—2A + 2E = 0, from which we find A i B 1 C = 0, and E = i Hence the 
general solution of (16) is 


1 1 1 
y = ecosx + cjsinx + 7xcosx — 5x sinx + 7 x°sin x. E 


[ EXAMPLE 6 Form of a Particular Solution 


Determine the form of a particular solution for 


y" — 2y' + y = 10e ?"cos x. (17) 


SOLUTION The complementary function for the given equation is 
ye = ce + coxe”. 
Now from (7), with a = —2, B = 1, andn = 1, we know that 


(D? + 4D + 5)e ?*cos x = 0. 
Applying the operator D? + 4D + 5 to (17) gives 
(D? + 4D + 5(D? — 2D + 1)y = 0. (18) 


Since the roots of the auxiliary equation of (18) are —2 — i, —2 + i, 1, and 1, we 
see from 


y = ce’ + cxe" + ce ?* cos x + cye~>* sin x 
that a particular solution of (17) can be found with the form 


Yp = Ae ?'cos x + Be~** sin x. E 


i EXAMPLE 7 Form of a Particular Solution 


Determine the form of a particular solution for 
y" — 4y" + Ay! = 5x? — 6x + 4x7e?* 3e, (19) 
SOLUTION Observe that 
D*(5x? — 6x) = 0, (D — 2yx?e* = 0, and (D — 5)e* = 0. 
Therefore D*(D — 2)X(D — 5) applied to (19) gives 


DXD — 2)3(D — 5D? — 4D? + ADy = 0 
or D*(D — 2)(D — 5)y = 0. 


The roots of the auxiliary equation for the last differential equation are easily seen to 
be 0, 0, 0, 0, 2, 2, 2, 2, 2, and 5. Hence 
2 "n 


y = €i + cox + cax?  cax? + cse” + coxe™ + cex2e?*  cgx?e?* + cox ^e?* + ce. — (20) 


Because the linear combination c, + c5e?* + coxe?* corresponds to the complemen- 
tary function of (19), the remaining terms in (20) give the form of a particular solu- 
tion of the differential equation: 


yp = Ax + Bx? + Cx? + Exe” + Fe?" + Gxte?* + He. [| 


SUMMARY OF THE METHOD For your convenience the method of undeter- 
mined coefficients is summarized as follows. 
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UNDETERMINED COEFFICIENTS—ANNIHILATOR APPROACH 


The differential equation L(y) = g(x) has constant coefficients, and the 
function g(x) consists of finite sums and products of constants, polynomials, 
exponential functions e^", sines, and cosines. 


(i) Find the complementary solution y, for the homogeneous equation 
L() = 0. 

(ii) | Operate on both sides of the nonhomogeneous equation L(y) = g(x) 
with a differential operator L; that annihilates the function g(x). 


(üi) Find the general solution of the higher-order homogeneous differential 
equation L;L(y) = 0. 

(iv) Delete from the solution in step (iii) all those terms that are duplicated 
in the complementary solution ye found in step (i). Form a linear 
combination y, of the terms that remain. This is the form of a 
particular solution of L(y) = g(x). 

(v) Substitute y, found in step (iv) into L(y) = g(x). Match coefficients 
of the various functions on each side of the equality, and solve the 
resulting system of equations for the unknown coefficients in yp. 


(vi) With the particular solution found in step (v), form the general 
solution y = ye + yp of the given differential equation. 


| REMARKS 


The method of undetermined coefficients is not applicable to linear differential 
equations with variable coefficients nor is it applicable to linear equations with 
constant coefficients when g(x) is a function such as 


1 
g(x) = Inx, gO) => g(x) = tan x, g(x) = sin! x, 
X 


and so on. Differential equations in which the input g(x) is a function of this 
last kind will be considered in the next section. 


EX E RC | S E S 4 ; 5 Answers to selected odd-numbered problems begin on page ANS-5. 


In Problems 1— 10 write the given differential equation in the 13. (D- 20D + 5; y= e™ 3e ?* 
form L(y) = g(x), where L is a linear differential operator 


with constant coefficients. If possible, factor L. 14. D? + 64; y =2cos 8x — 5 sin 8x 

1. 9y" — 4y = sin x 2. y” — 5y =x? — 2x In Problems 15-26 find a linear differential operator that 
3. y" — 4y' - 12y 2 x - 6 4. 2y" — 3y' - 2y «1 annihilates the given function. 
5. y" + 10y" + 25y' = e* 6. y" + Ay' = e* cos 2x 

: T ote Ue ME 15. 1 + 6x — 2x3 16. x*1— 5x) 
7. y" + 2y" — 13y' + 10y = xe * 
8. y" + 4y" + 3y' = x? cos x — 3x 17. 1 ye 18. x + 3xe9* 

(4) = 

9. y" + By = 4 19. cos 2x 20. 1 + sinx 


10. y — 8y" + 16y = (x? — 2x9e* 
21. 13x + 9x? — sin 4x 22. 8x — sin x + 10 cos 5x 
In Problems 11—14 verify that the given differential operator 


annihilates the indicated functions. 23. e * + 2xe* — x?e* 24. (2 — ey? 


11. Dt; y = 10:2 — 2x 12. 2D = 1; y= 4e? 25. 3 + e* cos 2x 26. e" sin x — e? cos x 


In Problems 27—34 find linearly independent functions that 
are annihilated by the given differential operator. 


27. D’ 28. D? + 4D 
29. (D — 6)(2D + 3) 30. D? — 9D — 36 
31. D? +5 32. D? — 6D + 10 


33. D? — 10D? + 25D 34. DX(D — 5)(D — 7) 


In Problems 35 —64 solve the given differential equation by 
undetermined coefficients. 

35. y" — 9y = 54 36. 2y" — Ty! + 5y = —29 
37. y" + y' 23 38. y"  2y" t y' = 10 

39. y" + Ay' + 4y 22x t 6 

40. y" + 3y' 24x — 5 

41. y" + y” = 8x? 42. y" — 2y' + y = x? + 4x 
43. y" — y! — 12y = e* 44. y" + 2y' + 2y = 5e* 

45. y" — 2y' — 3y = 4e* — 9 

46. y" + 6y' + 8y = 3e 7?* + 2x 

47. y" + 25y = 6sinx 

48. y" + 4y =4cosx+ 3sinx — 8 

49. y" + 6y’ + 9y = —xe* 

50. y" + 3y' — 10y = x(e* + 1) 

51. y,' -y 2 xe? * 5 

52. y" + 2y' + y 2 x?e* 


53. y" — 2y' + 5y = e* sin x 


1 
54. y" + y' + ji? e*(sin 3x — cos 3x) 


|46 


REVIEW MATERIAL 


4.6 VARIATION OF PARAMETERS e 157 
55. y" + 25y = 20 sin 5x 56. y” + y = 4 cos x — sin x 
58. y" + 4y = cos?x 
59. y" + 8y" = —6x? + 9x + 2 
60. y” —y" +y ~y=xe*-—e*+7 
61. y" — 3y" + 3y' x t 16 
62. 2y" — 3y" — 3y! + 2y = (e + ey? 
63. y® — 2y" + y" =e &1 
64. y — 4y" = 5x? — e” 


57. y” + y' c y 2 xsinx 


yet 


In Problems 65—72 solve the given initial-value problem. 


65. y" —64y 216, y(0) = 1, y'(0) =0 

66. y” + y'—-x, y(0)=1,y(0)=0 

67. y” - 5y' 2x 2, y(0)=0,y'(0) 22 

68. y" + Sy’ — 6y = 10?*, y(0) = 1, y'(0) = 1 


69. y" + y= 8 cos 2x — 4 sin x, xz) = 1.y(2) =0 


70. y" — 2y" + y' 2xe* +5, yO) = 2, y'(0) = 2, 
y^(0) — —1 


71. y" - 4y + 8y 2 x, y(0022,y (0-4 

72. y'9 — y" 2 x c e*, y(0) = 0, y'(0) = 0, yO) = 0, 
y"(0) — 0 

Discussion Problems 


73. Suppose L is a linear differential operator that factors 
but has variable coefficients. Do the factors of L com- 
mute? Defend your answer. 


VARIATION OF PARAMETERS 


* Variation of parameters was first introduced in Section 2.3 and used again in Section 4.2. 
A review of those sections is recommended. 


INTRODUCTION The procedure that we used to find a particular solution y; of a linear first-order 
differential equation on an interval is applicable to linear higher-order DEs as well. To adapt the 
method of variation of parameters to a linear second-order differential equation 


ag(x)y" + aQ)y' + a)y = g), (1) 
we begin by putting the equation into the standard form 
y" + POY + O@y = f(x) (2) 


by dividing through by the lead coefficient a2(x). Equation (2) is the second-order analogue of the 
standard form of a linear first-order equation: dy/dx + P(x)y = f(x). In (2) we suppose that P(x), 
Q(x), and f(x) are continuous on some common interval J. As we have already seen in Section 4.3, 
there is no difficulty in obtaining the complementary function ye, the general solution of the asso- 
ciated homogeneous equation of (2), when the coefficients are constant. 
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yp + PR)Yp 


ASSUMPTIONS Corresponding to the assumption y, = ui(x)yi(x) that we used in 
Section 2.3 to find a particular solution y, of dy/dx + P(x)y = f(x), for the linear 
second-order equation (2) we seek a solution of the form 


Yp = u(x) yx) T U(x) y2(x), (3) 


where y; and y» form a fundamental set of solutions on J of the associated homoge- 
neous form of (1). Using the Product Rule to differentiate y, twice, we get 


y» = uy, + yu + uya + yy) 
yp = My + yu + yey + uyi + Uy, + yau, + yus + uy» 
Substituting (3) and the foregoing derivatives into (2) and grouping terms yields 
zero Zero 
+ QG)y, = uly + Pyi + Qyi] + wol[y? + Py» + Qy] + yu + iyi 
+ youz + u5ys + Ply, + yous] + yit + yous 
d ; d : ; : 1 " 
= die [viui] + dx [you5] + PLyiui + you5] + yun + yau 


d L T L , , L , y 
= di [yiu + yous] + Ply, + yous] + yu + yous = f(x). (4) 


Because we seek to determine two unknown functions u; and u, reason dictates that 
we need two equations. We can obtain these equations by making the further assump- 
tion that the functions u; and up satisfy yw; + yu = 0. This assumption does not 
come out of the blue but is prompted by the first two terms in (4), since if we demand 
that yui + yous = 0, then (4) reduces to viu; + you = f(x). We now have our 
desired two equations, albeit two equations for determining the derivatives u', and 
u5. By Cramer's Rule, the solution of the system 


yit + yu, = 0 
yu + yy = f(x) 


can be expressed in terms of determinants: 


so Win yifQ) QW y fe) 
“y= a= and “b= =, (5) 
W W W W 
Yi 2 0 y2 Yi 0 
where W=, ^ = al £x s : (6) 
» » |o Me o» » fe 


The functions u; and u are found by integrating the results in (5). The determinant 
W is recognized as the Wronskian of y; and y». By linear independence of y, and y; 
on J, we know that W(y1(x), yo(x)) # 0 for every x in the interval. 


SUMMARY OF THE METHOD Usually, it is not a good idea to memorize for- 
mulas in lieu of understanding a procedure. However, the foregoing procedure is 
too long and complicated to use each time we wish to solve a differential equation. 
In this case it is more efficient to simply use the formulas in (5). Thus to solve 
a2y" + ay’ + aoy = g(x), first find the complementary function ye = ciyi + coy2 
and then compute the Wronskian W( yi(x), y2(x)). By dividing by az, we put the 
equation into the standard form y" + Py’ + Qy = f(x) to determine f(x). We find 
u; and u by integrating u; = W;/W and u, = W,/W, where W, and W, are defined 
as in (6). A particular solution is y, = u1yı + u2y2. The general solution of the 
equation is then y = ye + yp. 


W, 
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l EXAMPLE 1 General Solution Using Variation of Parameters 


Solve y" — 4y' + 4y = (x + 1)e™. 


SOLUTION From the auxiliary equation m? — 4m + 4 = (m — 2)? = 0 we have 
Ye = cje2* + coxe?*, With the identifications y= e?* and y = xe?*, we next com- 
pute the Wronskian: 


2x x ex 


2e* 2xe?* + e” 


Ax 


We”, xe?*) = = e, 


Since the given differential equation is already in form (2) (that is, the coefficient of 
y" is 1), we identify f(x) = (x + 1)e?*. From (6) we obtain 


0 xe? E 0 

= 2x 2x A] = + Dxe*, W, = 2x 2x} (x T Le*, 
(x + De^ 2xe* + e 2e* (x + l)e 
and so from (5) 
x + 1)xe” x + De* 
ui = ( : — x X, us = can as =x + 1. 
€^" e^" 
It follows that u = —1x? — $x? and u, = 1x? + x. Hence 


1 1 1 1 1 
Yp = (-2 — Laes + (e + sje” = ae + ate 


1 1 
and Y = Ye + Yp ume + Gee + ge + RE E 


| EXAMPLE 2 General Solution Using Variation of Parameters 


Solve 4y" + 36y = csc 3x. 
SOLUTION We first put the equation in the standard form (2) by dividing by 4: 
1 
y” + 9y = ge 3x. 


Because the roots of the auxiliary equation m? + 9 = 0 are m, = 3i and m = —3i, the 
complementary function is ye = c, cos 3x + c» sin 3x. Using yı = cos 3x, y2 = sin 3x, 
and f(x) = tesc 3x, we obtain 


cos 3x sin 3x 


^, 


W(cos 3x, sin 3x) — E sin 3x 3 cos 3x 


wW = 0 sin3x| — 1 W, = cos 3x 0 . leos3x 
|o [iesc3x 3cos3x 4 ?^ |-3sin3x iesc3x| 4 sin3x 
Í , Wi 1 , Wy _ 1 cos 3x 
Integrating u ===- and u, = = : 
W 12 W  12sin3x 
gives u; = —4x and u, = s In|sin 3x|. Thus a particular solution is 
EE Le 
y, = -15*c05 3x + m (sin 3x) In| sin 3x |. 


The general solution of the equation is 


1 1 
y = y, t Yp = c cos 3x + c, sin 3x — 15^ 995 3x + 36 (sin 3x) In| sin 3x|. (7) m 
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Equation (7) represents the general solution of the differential equation on, say, 
the interval (0, 7/6). 


CONSTANTS OF INTEGRATION When computing the indefinite integrals of uj 
and u5, we need not introduce any constants. This is because 


Y= yet Vy = cy t ey + (uy + aj)y, + (6 + by, 
= (ci + ay + (c; + byys + Uy, + uy; 


= Cjyy, + Coy, + uy, + Wyz 


| EXAMPLE 3 General Solution Using Variation of Parameters 


1 
Solve y" — y = — 
x 


SOLUTION The auxiliary equation m? — 1 — 0 yields m; = —1 and m = 1. 
Therefore ye = cye* + coe *. Now W(e*, e *) = —2, and 


e™(1/x) 1 [*e* 
mi , ped — dt, 
a - ao bs d 
, e(l/x) 1 [*e 
m on m=i [Sa 


p» *gt 1 - * et 
ap e . ; 9 zE ; ; 4^ 


^0 


] E 1 ] X e! 1 E x el 
andso y= y, +y, = ce + ce Tae 7 dt la i dt. (8) m 


In Example 3 we can integrate on any interval [xo, x] that does not contain the 
origin. 


HIGHER-ORDER EQUATIONS The method that we have just examined for 
nonhomogeneous second-order differential equations can be generalized to linear 
nth-order equations that have been put into the standard form 


yO 4 Py? 4-4 Py * Pay = FG) (9) 


If ye = ciy1 + coyg + +++ + Chyn is the complementary function for (9), then a 
particular solution is 


Yp = W)C) + uxx)yY(x) Fo E Uy) Yn), 
where the u;, k = 1, 2, ..., n are determined by the n equations 
Yui o ymo He + yu,—0 
yey t og Fs + Vall, = O 
(10) 


eq -1 -1 — 
yf" Pu + yf Pug + + Xr Du, = FQ). 


W = 


0 y» 
0 y 
fe) y? 
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The first n — 1 equations in this system, like y;uj + y;u; = 0 in (4), are assumptions 
that are made to simplify the resulting equation after y, = ui(x)yi(x) + +++ + 
uj (Xx)ys(x) is substituted in (9). In this case Cramer's rule gives 

m Wi 


u, —, k=1,2,...,7, 
W 

where W is the Wronskian of y1, y2, . . . , Yn and W; is the determinant obtained by 
replacing the kth column of the Wronskian by the column consisting of the right- 
hand side of (10) —that is, the column consisting of (0, 0, . . . , f(x)). When n = 2, 
we get (5). When n = 3, the particular solution is yp = u1yı + u2y2 + u3y3, where 
yr, y2, and ys constitute a linearly independent set of solutions of the associated 
homogeneous DE and u1, u2, u3 are determined from 


n W, n W, n W; (11) 

hy =a lio =a us = —5 

! Ww T7 WwW > Ww 
Y3 yı 0 Ys X X 0 X Y 3 
y Wo;—-lyi O ys], W—-|y y» 0, and W-|y y) y 
y3 yi fe ys yi ys f(x) yi y2 ys 


See Problems 25 and 26 in Exercises 4.6. 


REMARKS 


(i) Variation of parameters has a distinct advantage over the method of 
undetermined coefficients in that it will always yield a particular solution y, 
provided that the associated homogeneous equation can be solved. The pre- 
sent method is not limited to a function f(x) that is a combination of the four 
types listed on page 141. As we shall see in the next section, variation of 
parameters, unlike undetermined coefficients, is applicable to linear DEs 
with variable coefficients. 


(ii) In the problems that follow, do not hesitate to simplify the form of yp. 
Depending on how the antiderivatives of uj and u/ are found, you might not 
obtain the same y, as given in the answer section. For example, in Problem 3 
in Exercises 4.6 both y, = 5 sin x — 5 x cos x and y; =} sin x — 4 x cos x 
are valid answers. In either case the general solution y = ye + yp simplifies to 
y = c,cos x + cp sin x — 1x cos x. Why? 


| 


| EXERCISES 4.6 


Answers to selected odd-numbered problems begin on page ANS-5. 


In Problems 1—18 solve each differential equation by varia- 


tion of parameters. 


1 
3 
5 
7 


© 


. y" + y= secx 
. y" +y= sinx 
. y" + y = cos?x 
. y” — y = coshx 
n e? 
. y” — 4y = — 
x 


2. y' + y= tanx 


4. y" + y = sec 0 tan 0 13 


2 14. 


6. y" + y = sec^x 
15 


17 


8. y” — y = sinh 2x 


9 
10. y” — 9y = T 


KT 18. 


1 
11, y" + 3y! +2y= 
ab dA TT 
12. y” — 2y + y = — 
Pow o Tex 


. y" -3y' + 2y = sin e* 
y" — 2y' + y = e' arctan t 
.y"-2y'ty-e'lnt 
. 3y” — 6y' + 6y = e*secx 


16. 2y" + 2y' + y =4Vx 


4y" = Ay’ ES y- e?Nv]-3 


162 eœ 


In Problems 19—22 solve each differential equation by 
variation of parameters, subject to the initial conditions 
y0) = 1, y'(0) = 0. 


19. 4y" — y = xe? 

20. 2y"+y’ -y=xt+1 

21. y" + 2y' — 8y 22e? — e* 
22. y" — Ay! + 4y = (122 — 6x)e?* 


In Problems 23 and 24 the indicated functions are known lin- 
early independent solutions of the associated homogeneous 
differential equation on (0, ©). Find the general solution of 
the given nonhomogeneous equation. 


23. xy" + xy’ + (2 — ty =x; 


1/2 1/2 


yy =x ““cosx,y2 =x ^ sinx 
24. xy" + xy’ + y = sec(In x); 


yı = cos(In x), y2 = sin(In x) 


In Problems 25 and 26 solve the given third-order differen- 
tial equation by variation of parameters. 


25. y" + y' = tanx 26. y" + Ay' = sec 2x 


Discussion Problems 


In Problems 27 and 28 discuss how the methods of unde- 
termined coefficients and variation of parameters can be 
combined to solve the given differential equation. Carry out 
your ideas. 


27. 3y" — 6y' + 30y = I5 sin x + e” tan 3x 
28. y" — 2y' + y = Ax?2- 3 +x le 


29. What are the intervals of definition of the general solu- 
tions in Problems 1, 7, 9, and 18? Discuss why the inter- 
val of definition of the general solution in Problem 24 is 
not (0, oo). 
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30. 


31. 


32. 


33. 


34. 


CAUCHY-EULER EQUATION 


Find the general solution of x^y" + xy’ — 42y = 1 
given that y; = x? is a solution of the associated homo- 
geneous equation. 


Suppose y,(x) = ujG))yi(x)  uxGx)yo(x), where u; and 
u are defined by (5) is a particular solution of (2) on an 
interval / for which P, Q, and f are continuous. Show 
that y, can be written as 


V(x) = Í G(x, t)f(t) dt, (12) 
where x and x are in J, 
Gx, f) = AY) — yA) (13) 


WoA) í 


and W(t) = W(yi(t), y2(t)) is the Wronskian. The func- 
tion G(x, f) in (13) is called the Green's function for the 
differential equation (2). 


Use (13) to construct the Green's function for the differ- 
ential equation in Example 3. Express the general solu- 
tion given in (8) in terms of the particular solution (12). 


Verify that (12) is a solution of the initial-value problem 
dy A 
dx? +P F Qy = f(x), yx) =0, y'(%) = 0. 
x dx 


on the interval Z. [Hint: Look up Leibniz's Rule for 
differentiation under an integral sign.] 


Use the results of Problems 31 and 33 and the Green's 
function found in Problem 32 to find a solution of the 
initial-value problem 


y-y-e, y0-9, y'(0-—0 


using (12). Evaluate the integral. 


REVIEW MATERIAL 


* Review the concept of the auxiliary equation in Section 4.3. 


INTRODUCTION The same relative ease with which we were able to find explicit solutions of 
higher-order linear differential equations with constant coefficients in the preceding sections does 
not, in general, carry over to linear equations with variable coefficients. We shall see in Chapter 6 
that when a linear DE has variable coefficients, the best that we can usually expect is to find a 
solution in the form of an infinite series. However, the type of differential equation that we consider 
in this section is an exception to this rule; it is a linear equation with variable coefficients whose 
general solution can always be expressed in terms of powers of x, sines, cosines, and logarithmic 
functions. Moreover, its method of solution is quite similar to that for constant-coefficient equations 
in that an auxiliary equation must be solved. 


dé 


dx 
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CAUCHY-EULER EQUATION A linear differential equation of the form 


dy z 
qari tU t axe + ay = gO), 
where the coefficients an, d,—1, . . - , ao are constants, is known as a Cauchy-Euler 
equation. The observable characteristic of this type of equation is that the degree 
k =n,n-—1,..., 1, 0 of the monomial coefficients x^ matches the order k of 
differentiation d^y /dx^: 


same same 
| d'y | d" ly 
ax" SF Gynt t = 
dx dx” 1 


As in Section 4.3, we start the discussion with a detailed examination of the 
forms of the general solutions of the homogeneous second-order equation 


d? d 
;* bx + cy=0. 


The solution of higher-order equations follows analogously. Also, we can solve the 
nonhomogeneous equation ax?y" + bxy' + cy = g(x) by variation of parameters, 
once we have determined the complementary function ye. 


NOTE The coefficient ax? of y" is zero at x — 0. Hence to guarantee that the 
fundamental results of Theorem 4.1.1 are applicable to the Cauchy-Euler equation, 
we confine our attention to finding the general solutions defined on the interval 
(0, ©). Solutions on the interval (—%, 0) can be obtained by substituting t = —x into 
the differential equation. See Problems 37 and 38 in Exercises 4.7. 


METHOD OF SOLUTION We try a solution of the form y = x", where m is to be 
determined. Analogous to what happened when we substituted e"" into a linear equa- 
tion with constant coefficients, when we substitute x", each term of a Cauchy-Euler 
equation becomes a polynomial in m times x”, since 


y a,x*m(m — 1)(m — 2) +++ (m — k + Dx" * = aum(m — D(m — 2) : (n — k + Dx". 


For example, when we substitute y — x", the second-order equation becomes 


d 
ax? + bx » + cy = am(m — 1)x" + bmx" + cx" = (am(m — 1) + bm + c)x". 
dx? dx C 


Thus y = x" is a solution of the differential equation whenever m is a solution of the 
auxiliary equation 
am(m — 1) - bm+c=0 Or an? + (b — aym 9 c — 0. (1) 


There are three different cases to be considered, depending on whether the roots of 
this quadratic equation are real and distinct, real and equal, or complex. In the last 
case the roots appear as a conjugate pair. 


CASE I: DISTINCT REAL ROOTS Let m and m» denote the real roots of (1) such 
that m, m». Then y, = x" and y; = x” form a fundamental set of solutions. Hence 
the general solution is 


y = ex + ex, (2) 
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| EXAMPLE 1  Distinct Roots 


2. 


Solve x? - 2x 


dy 
dx 


4y = 0. 


SOLUTION Rather than just memorizing equation (1), it is preferable to assume 
y = x" as the solution a few times to understand the origin and the difference 
between this new form of the auxiliary equation and that obtained in Section 4.3. 
Differentiate twice, 


d d? 
a = mx" 1, <> = m(m — Dx-?, 
dx dx 
and substitute back into the differential equation: 
d? d 
x E 2x 4y = + mim — D"? = 252 mae! — 4x" 
dx dx 


= x"(m(m — 1) — 2m — 4) = x"(n? — 3n — 4) = 0 


if m? — 3n — 4 2 0. Now (m * 1)(m— 4) =0 implies mı = —1, m» = 4, so 
y-ex!-tox*. a 


CASE Il: REPEATED REAL ROOTS If the roots of (1) are repeated (that is, 
m, = m»), then we obtain only one solution —namely, y = x”'. When the roots of the 
quadratic equation am? + (b — a)m + c = 0 are equal, the discriminant of the coef- 
ficients is necessarily zero. It follows from the quadratic formula that the root must 
bem; — —(b — a)/2a. 

Now we can construct a second solution y», using (5) of Section 4.2. We first 
write the Cauchy-Euler equation in the standard form 


dy bdy c 
2 


+ 
axdx ax 


av =O 


and make the identifications P(x) = b/ax and [(b/ax) dx = (b/a) In x. Thus 


e L'an X 
= yn, aa, 
Ya =x m dx 


x" [ew . x2 dx «— e (bla)nx — "LER = x bla 


x [ew e UC, a —2m, = (b — ala 
dx 

= x™ | — = x™]n x. 
X 


The general solution is then 


y 7 eux" + cx" In x. (3) 


| EXAMPLE 2 Repeated Roots 


d? d 
Solve 4x2 2 + 8x a ty =0. 


SOLUTION The substitution y = x" yields 


d? d 
Ld gy = 


4 2 
* dé dx 


+ y = x"(4m(m — 1) + 8n + 1) = x"(Am? + 4m + 1) 2 0 


Y 
]of* ON 
0 x 
She J 
1 


(a) solution for 0 < x x1 


y 
^ 


A 


10 


L 
m 


25 50 75 100 
(b) solution for 0 < x x 100 


FIGURE 4.7.1 Solution curve of IVP 
in Example 3 
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when 4m? + 4m + 1 = O or (2m + 1)? = 0. Since m, = - the general solution is 
yox !? + cox? In x. E 


For higher-order equations, if m; is a root of multiplicity k, then it can be shown 

that 
wa ania aliarse arn 
are k linearly independent solutions. Correspondingly, the general solution of the dif- 
ferential equation must then contain a linear combination of these k solutions. 
CASE IIl: CONJUGATE COMPLEX ROOTS If the roots of (1) are the conjugate 
pair m, = a + iB, m» = a — iB, where a and B > O are real, then a solution is 
y= Cx E + Coxe 18, 


But when the roots of the auxiliary equation are complex, as in the case of equations 
with constant coefficients, we wish to write the solution in terms of real functions 
only. We note the identity 


xB = (eB = giBinx 
which, by Euler’s formula, is the same as 
x'® = cos(B In x) + i sin(B In x). 
Similarly, x PS cos(B In x) — i sin(£ In x). 
Adding and subtracting the last two results yields 
x'B + x "8 = 2 cos(B In x) and xP — x IP = 2i sin(B In x), 


respectively. From the fact that y = C1x^*/? + C;x^ P is a solution for any values of 
the constants, we see, in turn, for C; = C; = 1 and C, = 1, C; = —1 that 


y, = x*(x'8 + xP) and y, = x*(xiB — x78) 
or y, = 2x*cos(p In x) and y, = 2ix*sin(B In x) 


are also solutions. Since W(x“ cos(B In x), x“ sin(B In x)) = pate *0,800o0n 
the interval (0, ©), we conclude that 


y, = x*cos(f In x) and y, = x* sin(B In x) 


constitute a fundamental set of real solutions of the differential equation. Hence the 
general solution is 


y = x*[c, cos(B In x) + c; sin( In x)]. (4) 


l EXAMPLE 3 An Initial-Value Problem 


Solve 4x°y” + 17y = 0, y(1) = -L y'(1) = —3. 
SOLUTION The y’ term is missing in the given Cauchy-Euler equation; neverthe- 
less, the substitution y = x" yields 

4x?y" + 17y = x"(Am(m — 1) + 17) = x"(4n? — 4m + 17) = 0 


when 4m? — 4m + 17 = 0. From the quadratic formula we find that the roots are 
m, — 1 + 2iand m, = 1 — 2i. With the identifications a = ; and B = 2 we see from 
(4) that the general solution of the differential equation is 


y = x! [c cos(2 In x) + c;sin(2 In x)]. 


By applying the initial conditions y(1) = —1, y'(1) = - to the foregoing solution 
and using In | = 0, we then find, in turn, that c; = —1 and c? = 0. Hence the solution 
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of the initial-value problem is y = ~x! cos(2 In x). The graph of this function, 
obtained with the aid of computer software, is given in Figure 4.7.1. The particular 
solution is seen to be oscillatory and unbounded as x — oc. a 
The next example illustrates the solution of a third-order Cauchy-Euler equation. 
l EXAMPLE 4 Third-Order Equation 
d*y d*y dy 
Solvéa’— + ae — + 7x- + 8y = 0. 
olve x d m x y 
SOLUTION The first three derivatives of y — x" are 
d d? 3 
mt, 35mm- NA, 5 = m(m — Im — 23, 
so the given differential equation becomes 
d'y 2 d^y dy 3 n—3 m—2 m-1 n 
3 5x 5 + Tx 8y = x' mim — 1)(m — 2)25" "^ + 5x°m(m — Dx"?  7xmx + 8x" 
dx dx dx 


= x"(m(m — 1)(m — 2) + 5m(m — 1) + 7m + 8) 
= x" (m? + 2m? + 4m + 8) = x"(m + 2)(n? + 4) = 0. 


In this case we see that y =x” will be a solution of the differential equation 
fo m= -—2, m=2i, and ma - —2i. Hence the general solution is 
y= cix ? + c5 cos(2 In x) + c3 sin(2 In x). [| 


The method of undetermined coefficients described in Sections 4.5 and 4.6 
does not carry over, in general, to linear differential equations with variable coeffi- 
cients. Consequently, in our next example the method of variation of parameters is 
employed. 


l EXAMPLE 5 Variation of Parameters 


Solve x?y" — 3xy' + 3y = 2x*e*. 


SOLUTION Since the equation is nonhomogeneous, we first solve the associated 
homogeneous equation. From the auxiliary equation (m — 1)(m — 3) = 0 we 
find y, = cix + cox?. Now before using variation of parameters to find a particular 
solution yp = u1yı + uzy», recall that the formulas u; = W,/ W and u5 = W;/ W, 
where Wi, W2, and W are the determinants defined on page 158, were derived 
under the assumption that the differential equation has been put into the standard 
form y" + P(x)y' + Q(x)y = f(x). Therefore we divide the given equation by x?, 
and from 


, 3 3 
yc tayc2xe 


we make the identification f(x) — 2x?e*. Now with y17X,y27 x?, and 


x x 0 a x 0 
W = =2x7, W= --—2pe, W= = 2e, 
Læ ^77 7 hee 3x2 t6 ch ej ^*^ 
; 2x e ; 2x3 e - 
we find u= = a; xe and u, = =e, 
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The integral of the last function is immediate, but in the case of uj we integrate 
by parts twice. The results are u; = —x?e* + 2xe* — 2e* and u = e*. Hence 
yp = UY + Uzy2 is 


Yp = (ee + Ixe — 2a pu = ute ae", 
Finally, =p + Vp = CX + Cox? + 2x U* -2xe. a 


REDUCTION TO CONSTANT COEFFICIENTS The similarities between the 
forms of solutions of Cauchy-Euler equations and solutions of linear equations with 
constant coefficients are not just a coincidence. For example, when the roots of the 
auxiliary equations for ay" + by’ + cy = 0 and ax?y" + bxy’ + cy = O are distinct 
and real, the respective general solutions are 


y=cye™™ + oe” and y= ceux" + ox, x > 0. (5) 


In view of the identity e? * = x, x > 0, the second solution given in (5) can be 
expressed in the same form as the first solution: 


y- c, e" Inx + c, en x = ce" + c; e". 


where f = In x. This last result illustrates the fact that any Cauchy-Euler equation can 
always be rewritten as a linear differential equation with constant coefficients by 
means of the substitution x = e'. The idea is to solve the new differential equation 
in terms of the variable ¢, using the methods of the previous sections, and, once the 
general solution is obtained, resubstitute ¢ = In x. This method, illustrated in the last 
example, requires the use of the Chain Rule of differentiation. 


[l EXAMPLE 6 Changing to Constant Coefficients 


Solve x*y" — xy’ + y = Inx. 


SOLUTION With the substitution x = e'or t = In x, it follows that 


dy dydt _ ldy 
dx dtdx xdt 


dy 1d (2) dy ( 1 
= —} + <— Product Rule and Chain Rule 
dX xdx\dt dt 2 


-1(41) 2( j- 1 (2 2) 
x NdP£ x | dt x x! \ dt dt} 


Substituting in the given differential equation and simplifying yields 


«— Chain Rule 


dy u 
d£ 2 2i +y=t. 


Since this last equation has constant coefficients, its auxiliary equation is 
m? — 2m + 1 = 0, or (m — 1)? = 0. Thus we obtain y, = cje! + cyte’. 

By undetermined coefficients we try a particular solution of the form y, = A + Bt. 
This assumption leads to —2B + A + Bt = t, so A = 2 and B= 1. Using y = ye + yp, 
we get 


y 7^ cie! + cote! t 2 ^ t, 


so the general solution of the original differential equation on the interval (0, ~) is 
y-7ocyx t oxlnx-2-1nx. igi 
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| | EXERCISES 4.7 


Answers to selected odd-numbered problems begin on page ANS-5. 


In Problems 1—18 solve the given differential equation. 


1. x2y" — 2y 2 0 2. 4x’y"+ y «0 
3. xy" + y' =0 4. xy" — 3y' 20 
5. x2y" + xy! + Ay 20 6. x2y"  5xy' + 3y =0 
7. x’y" — 3xy' - 2y =0 8. x2y" + 3xy' - 4y =0 
9. 2532y" + 25xy' +y=0 10. Ax2y" + Axy' - y 20 


11. x?y" + 5xy’ + 4y =0 12. x?y" + 8xy' + 6y =0 
13. 3x?2y" + 6xy' - y - 0 14. x?y" — 7xy' + 4ly= 0 
15. y" — 6y =0 16. xy" + xy' - y 20 
17. xy? + 6y” 20 


18. xty + 6x3 y"  9x?y" + 3xy’ c y 20 


In Problems 19—24 solve the given differential equation by 
variation of parameters. 


19. xy" — 4y' = x* 

20. 2x?y" + 5xy' ty 2x? -x 

22. xy" — 2xy! + 2y = xe 
1 

xl 


21. xy" — xy! + y 2 2x 


23. y" + xy —y=lnx 24. Ly" 4 xy! -y= 


In Problems 25—30 solve the given initial-value problem. 
Use a graphing utility to graph the solution curve. 


25. xy" + 3xy' 20, y(-0,y' (1) 24 
26. x2y" — 5xy' + 8y 20, y2) 232,y'2) =0 
27. x?y"+ xy' +y=0, y(D- Ly(1) 22 


28. xy" — 3xy'+ 4y - 0, y(0D-5,y'(1) 23 
yx) = ly’) -3 
y) =0,y'(;)=0 


29. xy" + y' =x, 
30. xy" — 5xy' + 8y = 8x6, 


In Problems 31 —36 use the substitution x = e' to transform 
the given Cauchy-Euler equation to a differential equation 
with constant coefficients. Solve the original equation by 
solving the new equation using the procedures in 
Sections 4.3—4.5. 


31. x?y" + 9xy' - 20y = 0 
32. x?y" — 9xy' + 25y = 0 
33. x?y" + 10xy! + 8y = x? 


34. xy" — 4xy' + 6y = lnx? 


35. xy" — 3xy' + 13y = 4 + 3x 


36. xy” — 3x?y" + 6xy' — 6y = 3 + In x? 


In Problems 37 and 38 solve the given initial-value problem 
on the interval (— oo, 0). 


37. 4x)y" - y 0, y(-D) 22, y'(-1))-4 


38. xy" — 4xy' + 6y 2 0, y(—2) = 8, y’'(-2) = 


Discussion Problems 


39. How would you use the method of this section to solve 
(x + 2)?y" + (x -2y' + y = 0? 


Carry out your ideas. State an interval over which the 
solution is defined. 


40. Can a Cauchy-Euler differential equation of lowest 
order with real coefficients be found if it is known that 
2 and 1 — i are roots of its auxiliary equation? Carry 
out your ideas. 


41. The initial-conditions y(0) = yo, y'(0) = yı apply to 
each of the following differential equations: 


gy" — 0, 
X 2y" — 2xy' + 2y = 0, 
xy" — 4xy' + 6y = 0. 


For what values of yo and y, does each initial-value 
problem have a solution? 


42. What are the x-intercepts of the solution curve shown 
in Figure 4.7.1? How many x-intercepts are there for 
0<x<}? 


Computer Lab Assignments 


In Problems 43—46 solve the given differential equation by 
using a CAS to find the (approximate) roots of the auxiliary 
equation. 


43. 2x3y" — 10.98x?y" + 8.5xy' + 1.3y - 0 
44. x3y" + 4x2y" + 5xy! — 9y =0 
45. x*y (9 + 6x?y" + 3x2y" — 3xy! + 4y 20 


46. x^y(9 — 6x3y" + 33x?y" — 105xy' + 169y = 0 


47. Solve x?y" — x?y" — 2xy' + 6y = x? by variation of 
parameters. Use a CAS as an aid in computing roots of 
the auxiliary equation and the determinants given in 
(10) of Section 4.6. 
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4.8 


SOLVING SYSTEMS OF LINEAR DEs BY ELIMINATION 


REVIEW MATERIAL 


e Because the method of systematic elimination uncouples a system into distinct linear ODEs in 
each dependent variable, this section gives you an opportunity to practice what you learned in 
Sections 4.3, 4.4 (or 4.5), and 4.6. 


INTRODUCTION Simultaneous ordinary differential equations involve two or more equations that 
contain derivatives of two or more dependent variables—the unknown functions—with respect to a 
single independent variable. The method of systematic elimination for solving systems of differential 
equations with constant coefficients is based on the algebraic principle of elimination of variables. We 
shall see that the analogue of multiplying an algebraic equation by a constant is operating on an ODE 
with some combination of derivatives. 


SYSTEMATIC ELIMINATION The elimination of an unknown in a system of 
linear differential equations is expedited by rewriting each equation in the system in 
differential operator notation. Recall from Section 4.1 that a single linear equation 


ay + d,-, y P E + ayy’ + ay = git), 
where the a;, i = 0, 1,...,n are constants, can be written as 
(a,D" + a, ,D*^P +++++ aD + a)y = g(t). 


If the nth-order differential operator a, D" + a,_,D"~)) + +++ + aD + apg factors 
into differential operators of lower order, then the factors commute. Now, for exam- 
ple, to rewrite the system 


x" + 2x' + y" =x + 3y + sint 
x +y =—4x+2y+e7 


in terms of the operator D, we first bring all terms involving the dependent variables 
to one side and group the same variables: 


x" +2x' —x+y"” — 3y= sint . (D? + 2D — 1)x + (D? — 3)y = sint 
i i is the same as B 
x'—4xct y —2y-e' (D —4)x + (D — 2)y =e. 


SOLUTION OF A SYSTEM A solution of a system of differential equations is a 
set of sufficiently differentiable functions x = (f), y = $»(t), z = $3(t), and so on 
that satisfies each equation in the system on some common interval J. 


METHOD OF SOLUTION Consider the simple system of linear first-order 


equations 
ag 
di ” Dx- 3y = 0 
or, equivalently, (1) 
dy 2x — Dy = 0. 
— = 2x 
dt 


Operating on the first equation in (1) by D while multiplying the second by —3 and 
then adding eliminates y from the system and gives D?x — 6x = 0. Since the roots of 
the auxiliary equation of the last DE are m, = V6 and m, = — V6, we obtain 


x(t) = cye V8 + cy eV. (2) 
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Multiplying the first equation in (1) by 2 while operating on the second by D and 
then subtracting gives the differential equation for y, D?y — 6y = 0. It follows 
immediately that 


y(t) — ce VS + cae“, (3) 


Now (2) and (3) do not satisfy the system (1) for every choice of c1, c», c3, and 
c4 because the system itself puts a constraint on the number of parameters in a solu- 
tion that can be chosen arbitrarily. To see this, observe that substituting x(t) and y(t) 
into the first equation of the original system (1) gives, after simplification, 


(—V6c, — 3c4)e- V6 + (V6c; = 3c,)e V5 = 0. 


Since the latter expression is to be zero for all values of t, we must have 
— V6c, — 3c; = 0 and V6c, — 3c, = 0. These two equations enable us to write 
c3 as a multiple of cı and c4 as a multiple of c»: 


V6 V6 
C3 = 3 Ci and C4 — 3 C5. (4) 


Hence we conclude that a solution of the system must be 


—V6t d ce"! -V6t 4 VS even 


v6 
x(t) = ce y(t) = z ce 


You are urged to substitute (2) and (3) into the second equation of (1) and verify 
that the same relationship (4) holds between the constants. 


I EXAMPLE 1 Solution by Elimination 


Solve Dx + (D+ 2)y = 0 
(D — 3)x = 2y = 0. (5) 


SOLUTION Operating on the first equation by D — 3 and on the second by D and 
then subtracting eliminates x from the system. It follows that the differential equation 
for y is 


(D—-3(D-2)-2Dy-0 o (D2+D-—6)y=0. 


Since the characteristic equation of this last differential equation is 
m? + m — 6 = (m — 2)(m + 3) = 0, we obtain the solution 


y(t) = qe” + ce? (6) 
Eliminating y in a similar manner yields (D? + D — 6)x = 0, from which we find 
x(t) = cze” + ce ?. (7) 


As we noted in the foregoing discussion, a solution of (5) does not contain four in- 
dependent constants. Substituting (6) and (7) into the first equation of (5) gives 


(4c, + 2c4)e?! (=e See ^ = 
From 4c; + 2c3=0 and —c5 —3c4— 0 we get c3 = —2c; and cy = -i c. 


3 
Accordingly, a solution of the system is 


2 1 —3 2 -3 
x(t) = —2c,e" — 5 2 y(t) = qe” + ce 7. im 
Because we could just as easily solve for c3 and c4 in terms of c; and co, the 


solution in Example 1 can be written in the alternative form 


1 
x(t) = eye?! + c4e t, y(t) = 75 ce"! — 3c4e t. 


m This might save 
you some time. 
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It sometimes pays to keep one’s eyes open when solving systems. Had we solved 
for x first in Example 1, then y could be found, along with the relationship between the 
constants, using the last equation in the system (5). You should verify that substituting 
x(t) into y = 4 (Dx — 3x) yields y = —}c3e7! — 3c,e^?'. Also note in the initial dis- 
cussion that the relationship given in (4) and the solution y(t) of (1) could also have 
been obtained by using x(t) in (2) and the first equation of (1) in the form 


y= 3 Dx = -i V6c,e- V9 + i 6c,e Y. 


I EXAMPLE 2 Solution by Elimination 


Solve x'—4xcty"-P (8) 
x’ + x+y =0. 

SOLUTION First we write the system in differential operator notation: 
(D-4x+ Dy =P (9) 


(D+ 1)x + Dy =0. 
Then, by eliminating x, we obtain 
(D + DP? — (D — 4)D]y = (D + D? — (D — 4)0 
Or (D? + 4D)y = P + 2t. 


Since the roots of the auxiliary equation m(m? + 4) = 0 are m, = 0, m; = 2i, and 
m3 = —2i, the complementary function is ye = cı + c2 cos 2t + c3 sin 2t. To deter- 
mine the particular solution yj, we use undetermined coefficients by assuming that 
yp = AD + Bt? + Ct. Therefore y; = 3A? + 2Bt + C, y; = 6At + 2B, y, = 6A, 
yp + 4y, = 12A? + 8Bt + 6A t AC — P? + 2t. 
The last equality implies that 12A = 1, 88 —2, and 6A + 4C = 0; hence 
A = },B = }, and C = —j. Thus 
+ + 2t + uni ee 3 (10) 
= y, = cos sin L— zuo. 
y Ye Yp C1 C2 C3 12 4 8 
Eliminating y from the system (9) leads to 
[D —4) - D(D + D]x = P or (D? + 4)x = -£. 


It should be obvious that x, = c4 cos 2t + cs sin 2t and that undetermined coeffi- 
cients can be applied to obtain a particular solution of the form x, = At? + Bt +C. 


In this case the usual differentiations and algebra yield x, = -i Pc d and so 
= = : 1,,1 
a x ca LEE i MEC T (11) 


Now c4 and cs can be expressed in terms of c» and c3 by substituting (10) 
and (11) into either equation of (8). By using the second equation, we find, after com- 
bining terms, 


(cs — 2c, — 2c5) sin 2t + (2c; + c4 + 2c3) cos 2t = 0, 


SO c5 — 2c4 — 2c5 = 0 and 2c5 + c4 + 203 = 0. Solving for c4 and cs in terms of c5 
and c3 gives c4 = —4 (4c2 + 2c3) and cs = i 2c? — 4c3). Finally, a solution of (8) 
1s found to be 


1 1 . AR 
x(t) — E + 2c4) cos 2t + zlo — 4c) sin 2t — rid + 3 


1 1 
=c + 2t + csin2t + —P +—P —=t. u 
y(t) = c, + c cos c3 sin D 4 3 
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pounds of salt 


Un 


FIGURE 4.8.1 Pounds of salt in tanks 


A and B 


| EXAMPLE 3 A Mixture Problem Revisited 


In (3) of Section 3.3 we saw that the system of linear first-order differential equations 


du 2 4 
dt 257!" 597 
dx 2 2 

Xi X5 
dt 22 25 


is a model for the number of pounds of salt x;(f) and x2(t) in brine mixtures in tanks 
A and B, respectively, shown in Figure 3.3.1. At that time we were not able to solve 
the system. But now, in terms of differential operators, the foregoing system can be 


Written as 
2 1 
D + X 50 x,—0 


2 2 
= X F (p « Z)«-o 
25 25 


Operating on the first equation by D + E multiplying the second equation by i» 
adding, and then simplifying gives (625D? + 100D + 3)x, = 0. From the auxiliary 
equation 


625m? + 100m + 3 = (25m + 1)(25m + 3) = 0 


we see immediately that x,(t) = cie? + cze", We can now obtain x2(t) by 
using the first DE of the system in the form x, = 50(D + Zam. In this manner we 
find the solution of the system to be 


x(t) = Gel + c,e ?!/25, x(t) = 2c,e VA — 2cje ?!25, 


In the original discussion on page 107 we assumed that the initial conditions were 
x1(0) = 25 and x5(0) = 0. Applying these conditions to the solution yields 
cy + c5 = 25 and 2c, — 2c, = 0. Solving these equations simultaneously gives 
CHa = 2 Finally, a solution of the initial-value problem is 


25 25 
x(t) = ru + = x(t) = 2565 — 25g-3125. 


The graphs of both of these equations are given in Figure 4.8.1. Consistent with the 
fact that pure water is being pumped into tank A we see in the figure that x(t) — 0 
and x2(t) — 0 as t — cc. [| 


| | EXERCISES 4.8 


Answers to selected odd-numbered problems begin on page ANS-6. 


In Problems 1—20 solve the given system of differential 5. (D? + 5)x — 2y=0 
equations by systematic elimination. 


—2x + (D? + 2)y =0 


a 6. (D+ Dx *(D- Dy-2 
yy c MES Y 3x+(D+2)y=-1 

dy d?x dx dy 
Toys 7. — = 4y + e eae eas ee 
g o Y dg wv d? dt 

2 

dx ET ay adt Dm MUT 
PN d? dt dt 

d 9, Dx + Dy = e” 

ay = 3t 

+x= (D + Dx + (D — Dy = 4e 


10. 


11. 


12. 


4.8 SOLVING SYSTEMS OF LINEAR DEs BY ELIMINATION ° 


D?x — Dy =t 
(D + 3)x + (D + 3)y =2 
(D?-1)x- y=0 
(D — 1)x + Dy =0 
(2D? — D — 1)x — (2D + 1)y= 1 


(D — 1)x+ Dy = -1 
dx dy 
13. 2— — 5 — = e 
d 75 dt t 
d d 
a x Se 5e 
dt dt 
d 
jp 242 =e 
dt dt 
E ae 
d? dt 5 > 
15. (D — 1)x + (D? + 1)y= 1 
(D? — 1)xx+ (D-Dy-2 
16. D?x - 2(D? + Dy = sint 
x + Dy =0 
17. Dx ^ y 18. Dx + ze! 
Dy =z (D — 1)x + Dy + Dz= 0 
Dz=x x+2y + Dz = é 
dx dx 
19. — = 20. — = -x + 
dt 6y i dt I dus 
dy dy 
dt ubi: dt di: 
dz dz 
—-—x- — = y + 
dt ore dt TE 
In Problems 21 and 22 solve the given initial-value problem. 
dx dx 
21.— = —5x*— 22. —=y-1 
dt "ow dt ? 
dy dy 
— = 4x — — — =3x + 2 
dt uii dt 2 y 


x(1)=0,y(1)=1 


x(0) = 0, y(0) = 0 


Mathematical Models 


23. 


Projectile Motion A projectile shot from a gun has 
weight w = mg and velocity v tangent to its path of 
motion. Ignoring air resistance and all other forces acting 
on the projectile except its weight, determine a system of 
differential equations that describes its path of motion. 
See Figure 4.8.2. Solve the system. [Hint: Use Newton’s 
second law of motion in the x and y directions. ] 


mg 


> 
x 


FIGURE 4.8.2 Path of projectile in Problem 23 
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24. Projectile Motion with Air Resistance Determine a 


system of differential equations that describes the path 
of motion in Problem 23 if air resistance is a retarding 
force k (of magnitude k) acting tangent to the path of the 
projectile but opposite to its motion. See Figure 4.8.3. 
Solve the system. [Hint: k is a multiple of velocity, 
say, cv.] 


k 


FIGURE 4.8.3 Forces in Problem 24 


Discussion Problems 


25. 


Examine and discuss the following system: 


Dx —2Dy=f 
(D + 1)k = XD + Dy = 1. 


Computer Lab Assignments 


26. 


27. 


Reexamine Figure 4.8.1 in Example 3. Then use a root- 
finding application to determine when tank B contains 
more salt than tank A. 


(a) Reread Problem 8 of Exercises 3.3. In that problem 
you were asked to show that the system of differen- 
tial equations 


dx, _ 1 

dt 50° 

dx 1 2 
di 50" 375? 
dx 2 1 
dt B? 25° 


is a model for the amounts of salt in the connected 
mixing tanks A, B, and C shown in Figure 3.3.7. 
Solve the system subject to x;(0) = 15, x(t) = 10, 
x(t) = 5. 

(b) Use a CAS to graph x(t), x2(f), and x3(f) in the 
same coordinate plane (as in Figure 4.8.1) on the 
interval [0, 200]. 


(c) Because only pure water is pumped into Tank A, it 
stands to reason that the salt will eventually be 
flushed out of all three tanks. Use a root-finding 
application of a CAS to determine the time when 
the amount of salt in each tank is less than or equal 
to 0.5 pound. When will the amounts of salt x(t), 
x»x(t), and x3(t) be simultaneously less than or equal 
to 0.5 pound? 
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4.9 


NONLINEAR DIFFERENTIAL EQUATIONS 


REVIEW MATERIAL 
e Sections 2.2 and 2.5 
e Section 4.2 


e A review of Taylor series from calculus is also recommended. 


INTRODUCTION The difficulties that surround higher-order nonlinear differential equations 
and the few methods that yield analytic solutions are examined next. Two of the solution methods 
considered in this section employ a change of variable to reduce a second-order DE to a first-order 
DE. In that sense these methods are analogous to the material in Section 4.2. 


SOME DIFFERENCES There are several significant differences between linear 
and nonlinear differential equations. We saw in Section 4.1 that homogeneous lin- 
ear equations of order two or higher have the property that a linear combination of 
solutions is also a solution (Theorem 4.1.2). Nonlinear equations do not possess 
this property of superposability. See Problems 1 and 18 in Exercises 4.9. We can 
find general solutions of linear first-order DEs and higher-order equations with con- 
stant coefficients. Even when we can solve a nonlinear first-order differential equa- 
tion in the form of a one-parameter family, this family does not, as a rule, represent 
a general solution. Stated another way, nonlinear first-order DEs can possess singu- 
lar solutions, whereas linear equations cannot. But the major difference between 
linear and nonlinear equations of order two or higher lies in the realm of solvability. 
Given a linear equation, there is a chance that we can find some form of a solution 
that we can look at—an explicit solution or perhaps a solution in the form of an 
infinite series (see Chapter 6). On the other hand, nonlinear higher-order differen- 
tial equations virtually defy solution by analytical methods. Although this might 
sound disheartening, there are still things that can be done. As was pointed out at 
the end of Section 1.3, we can always analyze a nonlinear DE qualitatively and 
numerically. 

Let us make it clear at the outset that nonlinear higher-order differential equations 
are important—dare we say even more important than linear equations?—because as 
we fine-tune the mathematical model of, say, a physical system, we also increase the 
likelihood that this higher-resolution model will be nonlinear. 

We begin by illustrating an analytical method that occasionally enables us to 
find explicit/implicit solutions of special kinds of nonlinear second-order differential 
equations. 


REDUCTION OF ORDER Nonlinear second-order differential equations 
F(x, y', y") = 0, where the dependent variable y is missing, and F(y, y', y") = 0, 
where the independent variable x is missing, can sometimes be solved by using first- 
order methods. Each equation can be reduced to a first-order equation by means of 
the substitution u = y’. 

The next example illustrates the substitution technique for an equation of the form 
F(x, y', y") = 0. If u = y’, then the differential equation becomes F(x, u, u') = 0. If we 
can solve this last equation for u, we can find y by integration. Note that since we are 
solving a second-order equation, its solution will contain two arbitrary constants. 


l EXAMPLE 1 Dependent Variable y Is Missing 


Solve y" = 2x(y’)?. 
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SOLUTION If we let u = y’, then du/dx = y". After substituting, the second-order 
equation reduces to a first-order equation with separable variables; the independent 
variable is x and the dependent variable is u: 


pr 5 P d 
ES xu or 2 x dx 
[w2de= | vay 

—u lt =x +e. 


The constant of integration is written as cî for convenience. The reason should be 
obvious in the next few steps. Because u ! = 1/y’, it follows that 


dy _ 1 
dx x + ct 
dx 1 4% 
and so yw 5 or y == tan’ — t c. E 
x + CT Cy Cı 


Next we show how to solve an equation that has the form F(y, y', y”) = 0. Once 
more we let u = y', but because the independent variable x is missing, we use this 
substitution to transform the differential equation into one in which the independent 
variable is y and the dependent variable is u. To this end we use the Chain Rule to 
compute the second derivative of y: 


du dudy _— du 
dx  dydx "dy 


n. — 


In this case the first-order equation that we must now solve is 


du 
F\ y,u,u—]=0. 
o u TJ 


i EXAMPLE 2 Independent Variable x Is Missing 


Solve yy" = (yy. 


SOLUTION With the aid of u — y', the Chain Rule shown above, and separation of 
variables, the given differential equation becomes 


Integrating the last equation then yields In|u| = In|y| + ci, which, in turn, gives u = czy, 
where the constant +e“ has been relabeled as c». We now resubstitute u = dy/dx, sepa- 
rate variables once again, integrate, and relabel constants a second time: 


dy 
— =o | dx Or In|y| = ex + c or y = ce. - 
y 


USE OF TAYLOR SERIES In some instances a solution of a nonlinear initial-value 
problem, in which the initial conditions are specified at xo, can be approximated by a 
Taylor series centered at xo. 
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l EXAMPLE 3 Taylor Series Solution of an IVP 


Let us assume that a solution of the initial-value problem 


” 


y cgxeyey. POSH. 319-21 (1) 
exists. If we further assume that the solution y(x) of the problem is analytic at 0, then 
y(x) possesses a Taylor series expansion centered at 0: 
L 0 " 0 m 0 (4) 0 (5) 0 
YO yO YO 5, YO 4, YO 5, 
1! 2! 3! 4! 5! 


yx) = yO) + (2) 
Note that the values of the first and second terms in the series (2) are known 
since those values are the specified initial conditions y(0) = —1, y'(0) = 1. 
Moreover, the differential equation itself defines the value of the second derivative 
at 0: y"(0) =0+ y(0) — 0? = 0 + (-1) — (C1? = -2. We can then find 
expressions for the higher derivatives y", y“,... by calculating the successive 
derivatives of the differential equation: 


d 
y"(x) = i (py y)elty-2y (3) 
A 
(4) - d ! PS cM " ^2 
yx) = 3; M Ty'-—2yy) = y” — 2yy' — Uy’ (4) 
(5) - d n " PROS. tcs MM m fatt 
yr) rr, 2yy" — (yy) = y" — Zyy" — by'y", (5) 


and so on. Now using y(0) = —1 and y'(0) = 1, we find from (3) that y"(0) = 4. From 
the values y(0) = — 1, y'(0) = 1, and y"(0) = —2 we find y(0) = —8 from (4). With 
the additional information that y"(0) = 4, we then see from (5) that y?X0) = 24. 
Hence from (2) the first six terms of a series solution of the initial-value problem (1) are 


1 1 
yx) = -l +x- l+ x4 S304. E 
. 3 3 9 


USE OF A NUMERICAL SOLVER Numerical methods, such as Euler's method or 
the Runge-Kutta method, are developed solely for first-order differential equations and 
then are extended to systems of first-order equations. To analyze an nth-order initial- 
value problem numerically, we express the nth-order ODE as a system of n first-order 
equations. In brief, here is how it is done for a second-order initial-value problem: First, 
solve for y"—that is, put the DE into normal form y" = f(x, y, y')—and then let y' = u. 
For example, if we substitute y’ = u in 


d^y : , 
d = f(x,y, y) YO) = yo Y'o) = ug, (6) 


then y" = u’ and y'(xo) = u(xo), so the initial-value problem (6) becomes 


olve: 
u' = f(x, y, u) 


Subject to: Yo) = Yo, u(xo) = Uo. 


However, it should be noted that a commercial numerical solver might not require” 
that you supply the system. 


“Some numerical solvers require only that a second-order differential equation be expressed in normal 
form y” = f(x, y, y’). The translation of the single equation into a system of two equations is then built 
into the computer program, since the first equation of the system is always y’ = u and the second 
equation is u' = f(x, y, u). 


Taylor 
Vd polynomial 


/ 


solution curve 
generated by a 
numerical solver 


J 


FIGURE 4.9.1 Comparison of two 


approximate solutions 


x 
10 20 


FIGURE 4.9.2 Numerical solution 
curve for the IVP in (1) 
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l EXAMPLE 4 Graphical Analysis of Example 3 


Following the foregoing procedure, we find that the second-order initial-value prob- 
lem in Example 3 is equivalent to 


dy 

— =u 

dx 

du " ) 

Mx — 

E» y7y 
with initial conditions y(0) = —1, 4(0) = 1. With the aid of a numerical solver we get 
the solution curve shown in blue in Figure 4.9.1. For comparison the graph of the fifth- 
degree Taylor polynomial T;(x) = —1 + x — x? + $x — ia^ + Le is shown in red. 


Although we do not know the interval of convergence of the Taylor series obtained in 
Example 3, the closeness of the two curves in a neighborhood of the origin suggests 
that the power series may converge on the interval (— 1, 1). iai 


QUALITATIVE QUESTIONS The blue graph in Figure 4.9.1 raises some questions 
of a qualitative nature: Is the solution of the original initial-value problem oscillatory 
as x — ©? The graph generated by a numerical solver on the larger interval shown in 
Figure 4.9.2 would seem to suggest that the answer is yes. But this single example— 
or even an assortment of examples—does not answer the basic question as to whether 
all solutions of the differential equation y" = x + y — y? are oscillatory in nature. 
Also, what is happening to the solution curve in Figure 4.9.2 when x is near — 1? What 
is the behavior of solutions of the differential equation as x — — 99? Are solutions 
bounded as x — 9? Questions such as these are not easily answered, in general, for 
nonlinear second-order differential equations. But certain kinds of second-order 
equations lend themselves to a systematic qualitative analysis, and these, like their 
first-order relatives encountered in Section 2.1, are the kind that have no explicit 
dependence on the independent variable. Second-order ODEs of the form 


, "n d?y , 
F(,»y.y)70 or ag fO» 
X 


equations free of the independent variable x, are called autonomous. The differen- 
tial equation in Example 2 is autonomous, and because of the presence of the x term 
on its right-hand side, the equation in Example 3 is nonautonomous. For an in-depth 
treatment of the topic of stability of autonomous second-order differential equations 
and autonomous systems of differential equations, refer to Chapter 10 in Differential 
Equations with Boundary-Value Problems. 


EXERCISES 4.9 


Answers to selected odd-numbered problems begin on page ANS-6. 


In Problems 1 and 2 verify that yı and y» are solutions of the 5. x2y" + (y)? 20 6. O + Dy" 2 (y? 


given differential equation but that y = cy; + c2y2 is, in 


general, not a solution. 
1 9") =y; yi =e, y2 = cosx 


n 1 i 
2. yy E )»; n^2^Ly-2x 


In Problems 3-8 solve the given differential equation by 


using the substitution u — y'. 


7. y" + 2y(y' = 0 8. y’y"=y' 
9. Consider the initial-value problem 
y" + yy =0, yO) = 1, y'(0) = -1. 
(a) Use the DE and a numerical solver to graph the 
solution curve. 


(b) Find an explicit solution of the IVP. Use a graphing 
utility to graph this solution. 


(c) Find an interval of definition for the solution in 


3. y" -(y?-1-20 4 y"=14+(') part (b). 
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10. Find two solutions of the initial-value problem 


1 V3 
Qe (y =I, (2) = 4 »(Z) = z 


Use a numerical solver to graph the solution curves. 


In Problems 11 and 12 show that the substitution u = y' leads 
to a Bernoulli equation. Solve this equation (see Section 2.5). 
11. xy" 2 y' + (y? 12. xy" = y! + x(y'?? 

In Problems 13—16 proceed as in Example 3 and obtain the 
first six nonzero terms of a Taylor series solution, centered 
at O, of the given initial-value problem. Use a numerical 
solver and a graphing utility to compare the solution curve 
with the graph of the Taylor polynomial. 


13. y"=x+y’, y(05-1,y' (0021 

14. y"+y?=1, y(0-2,5'(0 =3 

15. y” =x? +y? - 2y', y(0)=1,y(0)=1 
16. y" =e’, y(0)=0,y'(0) = —1 


17. In calculus the curvature of a curve that is defined by a 
function y = f(x) is defined as 


n 


z y 
[pP 

Find y = f(x) for which « = 1. [Hint: For simplicity, 
ignore constants of integration.] 


Discussion Problems 


18. In Problem 1 we saw that cos x and e* were solutions of 
the nonlinear equation ( y")? — y? = 0. Verify that sin x 
ande “are also solutions. Without attempting to solve the 
differential equation, discuss how these explicit solutions 
can be found by using knowledge about linear equations. 
Without attempting to verify, discuss why the linear 
combinations y = cje* + coe * + c3cosx + c4 sin x and 
y = coe * + c4 sin x are not, in general, solutions, but 
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the two special linear combinations y = cje* + coe * 


and y = c3 cos x + c4 sin x must satisfy the differential 
equation. 


19. Discuss how the method of reduction of order con- 
sidered in this section can be applied to the third-order 
differential equation y" = V1 + (y"Y.. Carry out your 
ideas and solve the equation. 


20. Discuss how to find an alternative two-parameter fam- 
ily of solutions for the nonlinear differential equation 
y" = 2x( y")? in Example 1. [Hint: Suppose that —cj is 
used as the constant of integration instead of +c7.] 


Mathematical Models 


21. Motion in a Force Field A mathematical model for 
the position x(f) of a body moving rectilinearly on the 
x-axis in an inverse-square force field is given by 


Qu ox 


df? x 


Suppose that at tf = 0 the body starts from rest from the 
position x = xo, xo > 0. Show that the velocity of 
the body at time t is given by v? = 2k?(1/x — 1/xo). 
Use the last expression and a CAS to carry out the inte- 
gration to express time f in terms of x. 


22. A mathematical model for the position x(t) of a moving 

object is 

d?x 

—5 t sinx = 0. 

dt 
Use a numerical solver to graphically investigate the so- 
lutions of the equation subject to x(0) = 0, x'(0) = x), 
xı = 0. Discuss the motion of the object for t = 0 and 
for various choices of x,. Investigate the equation 


dx dx . 

us cR dna c0 

dt dt 
in the same manner. Give a possible physical interpreta- 
tion of the dx/dt term. 


CHAPTER 4 IN REVIEW 


Answers to selected odd-numbered problems begin on page ANS-6. 


Answer Problems 1 —4 without referring back to the text. Fill 
in the blank or answer true or false. 


1. The only solution of the initial-value problem 
y" + x?y = 0, y(0) = 0, y'(0) = O is 


2. For the method of undetermined coefficients, the 
assumed form of the particular solution y, for 
y'—y-lce*is 


3. A constant multiple of a solution of a linear differential 
equation is also a solution. 


4. If the set consisting of two functions fı and f is linearly 
independent on an interval J, then the Wronskian 
W(fi,f2) + O for all x in Z. 


5. Give an interval over which the set of two functions 
fi(x) = x? and pœ = x|x| is linearly independent. 


Then give an interval over which the set consisting of 
fi and f5 is linearly dependent. 


. Without the aid of the Wronskian, determine whether 


the given set of functions is linearly independent or 
linearly dependent on the indicated interval. 


(a) fi@) = In x, f(x) = In x”, (0, o») 
(b) AW = x", fa(x) = x"*n- 1,2,...,(—99, ©) 
(c) fix) = x, fo(x) = x + 1, (—%, o9) 


(d) f,(x) = cos(x 4 2), f(x) = sin x, (~, co) 


(e) fi) = 0, fox) = x, (75, 5) 
(f) fi) = 2, hx) = 2x, (—%, oo) 
(D AA = 500 1-7 x, hE) = 2 +x, (709,8) 
(hb) fiG) = xe**!, ha) = (4x — 5e", 
f3(x) = xe", (—%, oo) 


. Suppose mı = 3, m»; = —5, and m3 = 1 are roots of 


multiplicity one, two, and three, respectively, of an aux- 
iliary equation. Write down the general solution of the 
corresponding homogeneous linear DE if it is 


(a) an equation with constant coefficients, 


(b) a Cauchy-Euler equation. 


. Consider the differential equation ay" + by' + cy = g(x), 


where a, b, and c are constants. Choose the input func- 
tions g(x) for which the method of undetermined coeffi- 
cients is applicable and the input functions for which the 


method of variation of parameters is applicable. 
(a) g(x) = e*Inx (b) g(x) = x? cos x 


sin x 


(c) g(x) = (d) g(x) = 2x ?e* 


e* 


X 


(e) g(x) = sin?x 


(f) g(x) = 


» 
sin x 


In Problems 9—24 use the procedures developed in this 
chapter to find the general solution of each differential 
equation. 


9. 


.y"—2y +y=x 


y'—2y' —-2y 20 

2y" -2y' + 3y 20 

y" + 10y" + 25y' 20 

2y" + 9y" + 12y' + 5y =0 

3y" + 10y" + 15y' + 4y 20 
2y + 3y” + 2y" + by’ - 4y 2 0 
y" — 3y! + 5y = 4x3 — 2x 

20x 


y” — 5y" + by’ =8 + 2sinx 


26. 


27. 


28. 


In 
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y"—y" =6 

. y" — 2y' + 2y = e* tanx 
y"=y= = 

' ere 

. 6x2y" + 5xy’ —y=0 


. 2x3y" + 19x?y" + 39xy’ + 9y =0 
. x2y" — Axy! + 6y = 2x4 + x? 


. xy" — xy’ ty =x 


. Write down the form of the general solution y = ye + yp 


of the given differential equation in the two cases w # a 
and w = a. Do not determine the coefficients in yp. 


(a) y” + o?y 2^ sinax — (b) y" - o?y =e” 


(a) Given that y — sin x is a solution of 

y + 2y" + 11y" + 2y' + 10y = 0, 
find the general solution of the DE without the aid of a 
calculator or a computer. 


(b) Find a linear second-order differential equation 
with constant coefficients for which y; = 1 and 
y2 =e * are solutions of the associated homoge- 
neous equation and y, — ix? — x is a particular 
solution of the nonhomogeneous equation. 


wa 


(a) Write the general solution of the fourth-order DE 
y® — 2y" + y = 0 entirely in terms of hyperbolic 


functions. 


(b) Write down the form of a particular solution of 
y(9 — 2y" + y = sinh x. 


Consider the differential equation 
xy" — (x? + 2xyy! + (x + Dy = x. 


Verify that y; =x is one solution of the associated 
homogeneous equation. Then show that the method of 
reduction of order discussed in Section 4.2 leads to a 
second solution y» of the homogeneous equation as well 
as a particular solution y, of the nonhomogeneous equa- 
tion. Form the general solution of the DE on the interval 
(0, co). 


Problems 29—34 solve the given differential equation 


subject to the indicated conditions. 


29. 


30. 
31. 


y' -2y --2y 0, (2) = 0,y(7) = -1 
y" -2y + y= 0, y(-1) 250,»(0) = 0 


y"—y=x+ sinx, y(0) = 2, y'(0) =3 


1 
32. y" + y = secx, y(0) = Ly'(0) = > 
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33. yy" - 4x, y(1)=5,y'(1)=2 In Problems 37—40 use systematic elimination to solve the 
given system. 
34. 2y" =3y’, y(0)=1,y'(0) — 1 
dx dy 


35. (a) Use a CAS as an aid in finding the roots of the aux- 37. dt + dt = 2x + dy + 1 
iliary equation for dx ij 
—L2—-2 y+3 
12y + 64y” + 59y" — 23y' — 12y = 0. dt dt 
Give the general solution of the equation. 38. dx =2x+ y+ t-2 
(b) Solve the DE in part (a) subject to the initial condi- 
tions y(0) = —1, y'(0) = 2, y'(0) = 5, y"(0) = 0. oY = 3y + dy — 4t 
Use a CAS as an aid in solving the resulting dt 
systems of four equations in four unknowns. 39. (D —2)x —€— 
36. Find a member of the family of solutions of —3x + (D—4)y = =7ë 


xy" + y! + Vx — 0 whose graph is tangent to the 
x-axis at x = 1. Use a graphing utility to graph the 40. (D + 2)x + (D + Dy = sin 2t 
solution curve. 5x + (D + 3)y = cos 2t 


MODELING WITH HIGHER-ORDER 


DIFFERENTIAL EQUATIONS 


5.1 Linear Models: Initial- Value Problems 
5.1.1 Spring/Mass Systems: Free Undamped Motion 
5.1.2 Spring/Mass Systems: Free Damped Motion 
5.1.3 Spring/Mass Systems: Driven Motion 
5.1.4 Series Circuit Analogue 

5.2 Linear Models: Boundary-Value Problems 

5.3 Nonlinear Models 

CHAPTER 5 IN REVIEW 


We have seen that a single differential equation can serve as a mathematical model 
for diverse physical systems. For this reason we examine just one application, the 
motion of a mass attached to a spring, in great detail in Section 5.1. Except for 
terminology and physical interpretations of the four terms in the linear equation 
ay" + by’ + cy = g(t), the mathematics of, say, an electrical series circuit is 
identical to that of vibrating spring/mass system. Forms of this linear second-order 
DE appear in the analysis of problems in many diverse areas of science and 
engineering. In Section 5.1 we deal exclusively with initial-value problems, 
whereas in Section 5.2 we examine applications described by boundary-value 
problems. In Section 5.2 we also see how some boundary-value problems lead to 
the important concepts of eigenvalues and eigenfunctions. Section 5.3 begins with 
a discussion on the differences between linear and nonlinear springs; we then show 


how the simple pendulum and a suspended wire lead to nonlinear models. 
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5.1 LINEAR MODELS: INITIAL-VALUE PROBLEMS 


REVIEW MATERIAL 


e Sections 4.1, 4.3, and 4.4 
e Problems 29—36 in Exercises 4.3 
e Problems 27—36 in Exercises 4.4 


INTRODUCTION In this section we are going to consider several linear dynamical systems in 
which each mathematical model is a second-order differential equation with constant coefficients 


equilibrium 


position 
mg — ks =0 
motion 
(a) (b) (c) 


FIGURE 5.1.1 Spring/mass system 


FIGURE 5.1.2 Direction below the 
equilibrium position is positive. 


along with initial conditions specified at a time that we shall take to be t = 0: 


Teb quet. jc gu ng. 
dt? dt : 


Recall that the function g is the input, driving function, or forcing function of the system. A solution 
y(t) of the differential equation on an interval / containing 1 = 0 that satisfies the initial conditions is 
called the output or response of the system. 


5.1.1 SPRING/MASS SYSTEMS: 


FREE UNDAMPED MOTION 


HOOKE'S LAW Suppose that a flexible spring is suspended vertically from a rigid 
support and then a mass m is attached to its free end. The amount of stretch, or elonga- 
tion, of the spring will of course depend on the mass; masses with different weights 
stretch the spring by differing amounts. By Hooke's law the spring itself exerts a restor- 
ing force F opposite to the direction of elongation and proportional to the amount of 
elongation s. Simply stated, F = ks, where k is a constant of proportionality called the 
spring constant. The spring is essentially characterized by the number k. For example, 
if a mass weighing 10 pounds stretches a spring i foot, then 10 = k (i) implies 

= 20 lb/ft. Necessarily then, a mass weighing, say, 8 pounds stretches the same 
spring only E foot. 


NEWTON'S SECOND LAW After a mass m is attached to a spring, it stretches 
the spring by an amount s and attains a position of equilibrium at which its 
weight W is balanced by the restoring force ks. Recall that weight is defined by 
W — mg, where mass is measured in slugs, kilograms, or grams and g — 32 ft/s?, 
9.8 m/s?, or 980 cm/s?, respectively. As indicated in Figure 5.1.1(b), the condition 
of equilibrium is mg = ks or mg — ks = Q. If the mass is displaced by an amount 
x from its equilibrium position, the restoring force of the spring is then k(x + s). 
Assuming that there are no retarding forces acting on the system and assuming that 
the mass vibrates free of other external forces — free motion — we can equate 
Newton's second law with the net, or resultant, force of the restoring force and the 
weight: 


mE = -ks +a) + mg = — ka + mg — ks = kx. (1) 


Zero 
The negative sign in (1) indicates that the restoring force of the spring acts opposite 


to the direction of motion. Furthermore, we adopt the convention that displacements 
measured below the equilibrium position are positive. See Figure 5.1.2. 
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DE OF FREE UNDAMPED MOTION By dividing (1) by the mass m, we obtain 
the second-order differential equation d?x /dt? + (k/m)x = 0, or 


dx : 
=; Ftor (2) 


where œw? = k/m. Equation (2) is said to describe simple harmonic motion or 
free undamped motion. Two obvious initial conditions associated with (2) are 
x(0) = xo and x'(0) = x), the initial displacement and initial velocity of the mass, 
respectively. For example, if xo > 0, x, < 0, the mass starts from a point below the 
equilibrium position with an imparted upward velocity. When x'(0) = 0, the mass is 
said to be released from rest. For example, if xo < 0, x, = 0, the mass is released 
from rest from a point |xo| units above the equilibrium position. 


EQUATION OF MOTION To solve equation (2), we note that the solutions of its 
auxiliary equation m? + w? = 0 are the complex numbers m; = wi, m» = —wi. Thus 
from (8) of Section 4.3 we find the general solution of (2) to be 


x(t) = cı cos wt + c sin ct. (3) 


The period of motion described by (3) is T = 27 /w. The number T represents the time 
(measured in seconds) it takes the mass to execute one cycle of motion. A cycle is one 
complete oscillation of the mass, that is, the mass m moving from, say, the lowest point 
below the equilibrium position to the point highest above the equilibrium position and 
then back to the lowest point. From a graphical viewpoint T = 277 /w seconds is the 
length of the time interval between two successive maxima (or minima) of x(t). Keep 
in mind that a maximum of x(f) is a positive displacement corresponding to the mass 
attaining its greatest distance below the equilibrium position, whereas a minimum of 
x(t) is negative displacement corresponding to the mass attaining its greatest height 
above the equilibrium position. We refer to either case as an extreme displacement of 
the mass. The frequency of motion is f= 1/T = w/27 and is the number of cycles 
completed each second. For example, if x(t) = 2 cos 3art — 4 sin 37t, then the period 
is T = 27/37 = 2/3 s, and the frequency is f = 3/2 cycles/s. From a graphical view- 
point the graph of x(f) repeats every A second, that is, x(t + i = x(t), and 3 cycles of 
the graph are completed each second (or, equivalently, three cycles of the graph are 
completed every 2 seconds). The number w = V k/m (measured in radians per second) 
is called the circular frequency of the system. Depending on which text you read, both 
f= o/27 and o are also referred to as the natural frequency of the system. Finally, 
when the initial conditions are used to determine the constants c, and c» in (3), we say 
that the resulting particular solution or response is the equation of motion. 


[ EXAMPLE 1 Free Undamped Motion 


A mass weighing 2 pounds stretches a spring 6 inches. At t — 0 the mass is released 
from a point 8 inches below the equilibrium position with an upward velocity of i ft/s. 
Determine the equation of motion. 


SOLUTION Because we are using the engineering system of units, the measure- 
ments given in terms of inches must be converted into feet: 6 in. — 1 ft; 8in. — Z ft. 
In addition, we must convert the units of weight given in pounds into units of mass. 


From m = W/g we have m = 5 = i slug. Also, from Hooke's law, 2 — k (4) 
implies that the spring constant is k = 4 lb/ft. Hence (1) gives 

1 d d?; 

— à --4x o C 64x = 

16 dt dt^ 
The initial displacement and initial velocity are x(0) — 2, x'(0) — -h where the neg- 


ative sign in the last condition is a consequence of the fact that the mass is given an 
initial velocity in the negative, or upward, direction. 
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FIGURE 5.1.3 A relationship between 
cı > 0, c5 > 0 and phase angle $ 


Now w? = 64 or w = 8, so the general solution of the differential equation is 


x(t) = c, cos 8t + csin 8t. (4) 
Applying the initial conditions to x(f) and x'(r) gives c = : and c; — -—. Thus the 
equation of motion is 
2 l. 
x(t) = ae 8t — gon 8t. (5) E 


ALTERNATIVE FORM OF X(t) When c; # 0 and c»? 7 0, the actual amplitude A 
of free vibrations is not obvious from inspection of equation (3). For example, 
although the mass in Example 1 is initially displaced i foot beyond the equilibrium 
position, the amplitude of vibrations is a number larger than 2, Hence it is often con- 
venient to convert a solution of form (3) to the simpler form 


x(t) = A sin(wt + $), (6) 
where A = \ c? + c; and ¢ is a phase angle defined by 


sin $ = 


mj 


tan $ = 5. (7) 
cos $ = "i 


ms 


To verify this, we expand (6) by the addition formula for the sine function: 
A sin «t cos $ + A cos ot sin $ = (A sin $)cos wt + (A cos d)sin wt. (8) 


It follows from Figure 5.1.3 that if ġ is defined by 


: € €i €? C? 
sin ọ =. TF cos $ eee 
Vc tc A Vej tó A 


then (8) becomes 


c C. ] 
A= cos wt + At sin wt = c, COS wt + c sin wt = x(t). 


| EXAMPLE 2 Alternative Form of Solution (5) 


In view of the foregoing discussion we can write solution (5) in the alternative 
form x(t) = A sin(8t + o). Computation of the amplitude is straightforward, 
A= VE: + (—1)2 = K = 0.69 ft, but some care should be exercised in 
computing the phase angle $ defined by (7). With c, = A and c = -i we find 
tan @ = —4, and a calculator then gives tan '(—4) = —1.326 rad. This is not the 
phase angle, since tan” !(—4) is located in the fourth quadrant and therefore con- 
tradicts the fact that sin @ > 0 and cos $ < 0 because c, > 0 and c; < 0. Hence 
we must take ¢ to be the second-quadrant angle p = m + (—1.326) = 1.816 rad. 
Thus (5) is the same as 


17 
= sinGr + 1.816). (9) 
The period of this function is T = 27 /8 = T /4 s. E 


x(t) = 


Figure 5.1.4(a) illustrates the mass in Example 2 going through approximately 
two complete cycles of motion. Reading from left to right, the first five positions 
(marked with black dots) correspond to the initial position of the mass below the 
equilibrium position (x = 2), the mass passing through the equilibrium position 
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mum mmm mmm 
a | 
$ / b. 
x negative / N / X 
x= 2M \ / \ 
6 
x=0 
\ / 
a: /* Y^ rt V 
x positive /x-0 x- Or d $ 
N 


(a) 
X4 
| (0,5) 
" amplitude 
t 
x positive id xis 
6 
x=0 7 
x negative 
| = " > 
period 


(b) 
FIGURE 5.1.4 Simple harmonic motion 


for the first time heading upward (x — 0), the mass at its extreme displacement above 
the equilibrium position (x = — V/17/6), the mass at the equilibrium position for the 
second time heading downward (x — 0), and the mass at its extreme displacement 
below the equilibrium position (x = V17/6). The black dots on the graph of (9), 
given in Figure 5.1.4(b), also agree with the five positions just given. Note, however, 
that in Figure 5.1.4(b) the positive direction in the tx-plane is the usual upward 
direction and so is opposite to the positive direction indicated in Figure 5.1.4(a). 
Hence the solid blue graph representing the motion of the mass in Figure 5.1.4(b) is 
the reflection through the t-axis of the blue dashed curve in Figure 5.1.4(a). 

Form (6) is very useful because it is easy to find values of time for which 
the graph of x(f) crosses the positive f-axis (the line x = 0). We observe that 
sin(wt + $) = 0 when wt + $ = mr, where n is a nonnegative integer. 


SYSTEMS WITH VARIABLE SPRING CONSTANTS In the model discussed 
above we assumed an ideal world —a world in which the physical characteristics of 
the spring do not change over time. In the nonideal world, however, it seems reason- 
able to expect that when a spring/mass system is in motion for a long period, the 
spring will weaken; in other words, the "spring constant" will vary — or, more specif- 
ically, decay — with time. In one model for the aging spring the spring constant k 
in (1) is replaced by the decreasing function K(f) = ke ^", k > 0, a > 0. The linear 
differential equation mx" + ke *'x = 0 cannot be solved by the methods that were 
considered in Chapter 4. Nevertheless, we can obtain two linearly independent solu- 
tions using the methods in Chapter 6. See Problem 15 in Exercises 5.1, Example 4 in 
Section 6.3, and Problems 33 and 39 in Exercises 6.3. 


186 ° CHAPTER 5 MODELING WITH HIGHER-ORDER DIFFERENTIAL EQUATIONS 


When a spring/mass system is subjected to an environment in which the 
temperature is rapidly decreasing, it might make sense to replace the constant k 
with K(t) = kt, k > 0, a function that increases with time. The resulting model, 
mx" + ktx = 0, is a form of Airy’s differential equation. Like the equation for 
an aging spring, Airy’s equation can be solved by the methods of Chapter 6. See 
Problem 16 in Exercises 5.1, Example 3 in Section 6.1, and Problems 34, 35, and 
40 in Exercises 6.3. 


5.1.2 SPRING/MASS SYSTEMS: 
FREE DAMPED MOTION 


The concept of free harmonic motion is somewhat unrealistic, since the motion 
described by equation (1) assumes that there are no retarding forces acting on the 
moving mass. Unless the mass is suspended in a perfect vacuum, there will be at 
least a resisting force due to the surrounding medium. As Figure 5.1.5 shows, the 
mass could be suspended in a viscous medium or connected to a dashpot damping 
device. 


DE OF FREE DAMPED MOTION In the study of mechanics, damping forces 
acting on a body are considered to be proportional to a power of the instantaneous 
velocity. In particular, we shall assume throughout the subsequent discussion that 
this force is given by a constant multiple of dx /dt. When no other external forces are 
impressed on the system, it follows from Newton's second law that 


(10) 


where £ is a positive damping constant and the negative sign is a consequence of the 
fact that the damping force acts in a direction opposite to the motion. 

Dividing (10) by the mass m, we find that the differential equation of free 
damped motion is d?x /dt? + (B/ m)dx /dt + (k/m)x = 0 or 


d?x dx K 
n t 2A 2 + ax = 0, (11) 
k 
(b) where 2A = A wow = —. (12) 
m m 


FIGURE 5.1.5 Damping devices 
The symbol 2A is used only for algebraic convenience because the auxiliary equation 


is m? + 2Am + o? = 0, and the corresponding roots are then 


m = -A+ Vi = ow’, m,—-— A—-NM-o. 


We can now distinguish three possible cases depending on the algebraic sign of 
X? — w°. Since each solution contains the damping factor e~™, A > 0, the displace- 
ments of the mass become negligible as time f increases. 


CASE |: A? — c? 0. In this situation the system is said to be overdamped 
because the damping coefficient 6 is large when compared to the spring constant k. 
The corresponding solution of (11) is x(t) = c, e" + ce" or 


" x(t)- eM (ce - o + Ge- oR), (13) 
FIGURE 5.1.6 Motion of an This equation represents a smooth and nonoscillatory motion. Figure 5.1.6 shows 


overdamped system two possible graphs of x(t). 


FIGURE 5.1.7 Motion of a critically 
damped system 


x4 undamped 
underdamped 


~Y 


FIGURE 5.1.8 Motion of an 


underdamped system 


(a) 
t x(t) 
1 0.601 
1.5 0.370 
0.225 
2.5 0.137 
3 0.083 
(b) 


FIGURE 5.1.9 Overdamped system 
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CASE Il: A? — w? =0 The system is said to be critically damped because any 
slight decrease in the damping force would result in oscillatory motion. The general 
solution of (11) is x(t) = ce"! + cyte” or 


x(f) = e^"'(c, + ct). (14) 


Some graphs of typical motion are given in Figure 5.1.7. Notice that the motion is 
quite similar to that of an overdamped system. It is also apparent from (14) that the 
mass can pass through the equilibrium position at most one time. 


CASE III: A? — c? <0 In this case the system is said to be underdamped, since 
the damping coefficient is small in comparison to the spring constant. The roots mı 
and m» are now complex: 


m,— —A* Vo? — Mi, =m = —A— Va — Xi. 
Thus the general solution of equation (11) is 
x(t) = e^ (c, cos Vo’ = XI + esin Vo? = Xi). (15) 


As indicated in Figure 5.1.8, the motion described by (15) is oscillatory; but because 
of the coefficient e^", the amplitudes of vibration — 0 as t > oc. 


[ EXAMPLE 3 Overdamped Motion 


It is readily verified that the solution of the initial-value problem 


d?x dx 


d + Ee +4x=0, x(0)=1, x(021 


5 2 
is x(t) = - di — 36 ^ (16) 


The problem can be interpreted as representing the overdamped motion of a mass on 
a spring. The mass is initially released from a position 1 unit below the equilibrium 
position with a downward velocity of 1 ft/s. 

To graph x(t), we find the value of f for which the function has an 
extremum — that is, the value of time for which the first derivative (velocity) is 
zero. Differentiating (16) gives x'(r) = —ie' + $e ^, so x'(f) = 0 implies that 
e : or t iin 0.157. It follows from the first derivative test, as well as our 
physical intuition, that x(0.157) = 1.069 ft is actually a maximum. In other 
words, the mass attains an extreme displacement of 1.069 feet below the equilib- 
rium position. 

We should also check to see whether the graph crosses the f-axis— that is, 
whether the mass passes through the equilibrium position. This cannot happen in this 


instance because the equation x(r) = 0, or e* = 2, has the physically irrelevant solu- 
tion f = ilni — —0.305. 

The graph of x(t), along with some other pertinent data, is given in 
Figure 5.1.9. a 


| EXAMPLE 4 Critically Damped Motion 


A mass weighing 8 pounds stretches a spring 2 feet. Assuming that a damping force 
numerically equal to 2 times the instantaneous velocity acts on the system, determine 
the equation of motion if the mass is initially released from the equilibrium position 
with an upward velocity of 3 ft/s. 
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^ —— maximum 
height above 
equilibrium position 


FIGURE 5.1.10  Critically damped 


system 


SOLUTION From Hooke's law we see that 8 = k(2) gives k = 4 lb/ft and that 


W — mg gives m — Å = i slug. The differential equation of motion is then 


1 dx dx d?x dx 
= —4x—2 ES. L5 E =o) 17 
4 d£ To C olet on 


The auxiliary equation for (17) is m? + 8m + 16 = (m + 4)? = 0, som, = m = — 4. 
Hence the system is critically damped, and 


x(f) = ce + cte“, (18) 

Applying the initial conditions x(0) = 0 and x'(0) = —3, we find, in turn, that c; = 0 
and c; = —3. Thus the equation of motion is 

x(t) = —3te ^. (19) 

To graph x(t), we proceed as in Example 3. From x'(t) = —3e "(1 — 4t) we 


see that x'(r) =0 when t= i The corresponding extreme displacement is 
x(t) = —3(De7! — —0.276 ft. As shown in Figure 5.1.10, we interpret this value 
to mean that the mass reaches a maximum height of 0.276 foot above the 
equilibrium position. a 


l EXAMPLE 5 Underdamped Motion 


A mass weighing 16 pounds is attached to a 5-foot-long spring. At equilibrium the 
spring measures 8.2 feet. If the mass is initially released from rest at a point 2 feet 
above the equilibrium position, find the displacements x(t) if it is further known that 
the surrounding medium offers a resistance numerically equal to the instantaneous 
velocity. 


SOLUTION The elongation of the spring after the mass is attached is 8.2 — 5 = 3.2 ft, 
so it follows from Hooke's law that 16 = k(3.2) or k =5 lb/ft. In addition, 


m >= 35 = 1 slug, so the differential equation is given by 
NECS £i 07 40059 (20) 
n Nd Or — € = 0. 
2da? qq d? dt 
Proceeding, we find that the roots of m? + 2m + 10 = 0 are m, = —1 + 3i and 
my = —1 — 3i, which then implies that the system is underdamped, and 
x(t) = e '(c, cos 3t + c sin 3r). (21) 


Finally, the initial conditions x(0) = —2 and x'(0) = 0 yield c; = —2 and c; = -i, 
so the equation of motion is 


2 
x(t) = e(-2 cos 3t — gon 3) (22) m 


ALTERNATIVE FORM OF x(t) In a manner identical to the procedure used on 
page 184, we can write any solution 


x(t) = e^ (c, cos Vw? — A2t + c, sin Vo! — Xi) 
in the alternative form 
x(t) = Ae™ sin( Vo — Xt + 4), Q3) 
where A = Vc? + c? and the phase angle ¢ is determined from the equations 


di C2 i 
= cos Ó = —, tan ọ = —. 
A’ ? A $ a 


sin $ = 


FIGURE 5.1.11 Oscillatory vertical 


motion of the support 
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The coefficient Ae™™ is sometimes called the damped amplitude of vibrations. 
Because (23) is not a periodic function, the number 2 /Vw* — A is called the 
quasi period and Vo — A’ /27 is the quasi frequency. The quasi period is the 
time interval between two successive maxima of x(t). You should verify, for the equa- 
tion of motion in Example 5, that A = 2V/10/3 and $ = 4.391. Therefore an equiv- 
alent form of (22) is 


2V1 
x(t) = ae sin(3t + 4.391). 


5.1.3 SPRING/MASS SYSTEMS: DRIVEN MOTION 


DE OF DRIVEN MOTION WITH DAMPING Suppose we now take into 
consideration an external force f(t) acting on a vibrating mass on a spring. For 
example, f(t) could represent a driving force causing an oscillatory vertical 
motion of the support of the spring. See Figure 5.1.11. The inclusion of f(t) in the 
formulation of Newton's second law gives the differential equation of driven or 
forced motion: 


d?x dx 
= —k + f(t). 24 
m x- di fO (24) 
Dividing (24) by m gives 
EPET unos F(t) (25) 
d? Fa , 


where F(t) = f(t)/m and, as in the preceding section, 2A = B/m, w* = k/m. To solve 
the latter nonhomogeneous equation, we can use either the method of undetermined 
coefficients or variation of parameters. 


| EXAMPLE 6 Interpretation of an Initial-Value Problem 


Interpret and solve the initial-value problem 


Iu do eau qupd m=} x(9-0 (26) 
3 == COS T = uU. 
5 d£ dt í ades 2 2 


SOLUTION We can interpret the problem to represent a vibrational system consist- 
ing of a mass (m — i slug or kilogram) attached to a spring (k — 2 Ib/ft or N/m). 
The mass is initially released from rest 1 unit (foot or meter) below the equilibrium 
position. The motion is damped (8 = 1.2) and is being driven by an external peri- 
odic (T = sr /2 s) force beginning at f = 0. Intuitively, we would expect that even 
with damping, the system would remain in motion until such time as the forcing 
function was “turned off," in which case the amplitudes would diminish. However, 
as the problem is given, f(t) = 5 cos 4t will remain “on” forever. 
We first multiply the differential equation in (26) by 5 and solve 


2 gd ideas 
d? ^d ^ 
by the usual methods. Because m; = —3 + i, m = —3 — i, it follows that 


x(t) = e ?'(c4 cos t + co sin f). Using the method of undetermined coefficients, 
we assume a particular solution of the form x,(t) = A cos 4t + B sin 4t. Differentiating 
Xp(t) and substituting into the DE gives 


x, + 6x, + 10x, = (—6A + 24B) cos 4t + (—24A — 6B) sin 4t = 25 cos 4t. 


P 
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FIGURE 5.1.12 Graph of solution 


given in (28) 


T/2 


(b) 
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FIGURE 5.1.13 Graph of solution 
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in Example 7 for various x; 
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The resulting system of equations 
—6A + 24B = 25, 


: — _ 25 — 50 
yields A io; and B = =. It follows that 


—24A — 6B — 0 


d . 25 50 , 
x(t) = e "(cı cos t + c; sin f) — — cos 4t + 51 sin 4t. 


102 e 


When we set ¢ = 0 in the above equation, we obtain c, = ES By differentiating 
the expression and then setting t = 0, we also find that c; = -& Therefore the 
equation of motion is 


38 86 25 50 
x(t) — (2 cos t a sin r) 102 °° 4t+ si sin 4t. | (28) E 


TRANSIENT AND STEADY-STATE TERMS When F is a periodic function, such 
as F(t) = Fo sin yt or F(t) = Fo cos yt, the general solution of (25) for A > 0 is 
the sum of a nonperiodic function x,(¢) and a periodic function x(t). Moreover, x(t) 
dies off as time increases — that is, lim,_,.. x.(t) = 0. Thus for large values of time, 
the displacements of the mass are closely approximated by the particular solution 
xy(t). The complementary function x,(f) is said to be a transient term or transient 
solution, and the function x,(f), the part of the solution that remains after an interval 
of time, is called a steady-state term or steady-state solution. Note therefore 
that the effect of the initial conditions on a spring/mass system driven by F is 
transient. In the particular solution (28), e^ (3 cos f — E sin t) is a transient term, 
and x,(t) = -5 cos 4t + sin 4t is a steady-state term. The graphs of these two 
terms and the solution (28) are given in Figures 5.1.12(a) and 5.1.12(b), respectively. 


[ EXAMPLE 7  Transient/Steady-State Solutions 


The solution of the initial-value problem 


dx dx ; 
d? uA ees Ie 2 sinh x(0) = 0, x'(0) = x, 


where x, is constant, is given by 


x(t) = (x, — 2) e sin t + 2 sin t. 


transient steady-state 


Solution curves for selected values of the initial velocity x, are shown in Figure 5.1.13. 
The graphs show that the influence of the transient term is negligible for about 
t> 3/2. E 


DE OF DRIVEN MOTION WITHOUT DAMPING With a periodic impressed 
force and no damping force, there is no transient term in the solution of a problem. 
Also, we shall see that a periodic impressed force with a frequency near or the same 
as the frequency of free undamped vibrations can cause a severe problem in any 
oscillatory mechanical system. 


l EXAMPLE 8 Undamped Forced Motion 


Solve the initial-value problem 


d?x " 
dé + wx = Fsm- yt, 


x(0) = 0, x'(0) = 0, (29) 


where F is a constant and y # o. 


FIGURE 5.1.14 Pure resonance 
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SOLUTION The complementary function is x¿(f) = cı cos wt + c» sin wt. To obtain a 
particular solution, we assume x,(t) = A cos yt + B sin yt so that 


xs + œx, = A(w* — y?) cos yt + B(w* — y’) sin yt = Fo sin yt. 
Equating coefficients immediately gives A = 0 and B = Fy/(w? — y?). Therefore 
Fo . 
yO = ——— sin yt. 
oY 
Applying the given initial conditions to the general solution 


Fo ! i 
——— sin 
o- y Y 


x(t) = c, cos wt + c sin wt + 
yields c; = 0 and c2 = —yFo/w(w? — y?). Thus the solution is 


F 
x(t) = 0 (— ysin ot + wsin yt), y * o. (30 m 
w 


(o? — y?) 


PURE RESONANCE Although equation (30) is not defined for y = o, it is 
interesting to observe that its limiting value as y — w can be obtained by applying 
L'Hópital's Rule. This limiting process is analogous to “tuning in" the frequency of 
the driving force (y /27) to the frequency of free vibrations (w /27:). Intuitively, we 
expect that over a length of time we should be able to substantially increase the 
amplitudes of vibration. For y = w we define the solution to be 


d 
— (— ysin wt + c sin yt 
— y sin wt + c sin yt d n ») 


x(t) = lim Fo 7 7 — Fylim 
yo w(w* ey ) yo 7 5 
~ (o = ay) 
dy 
. -—sin wt + ot cos yt 
= Fo lim (31) 
y>o —2wy 


—sin wt + wt cos wt 
—2o* 


0 


c. Fo 
2o? 


. Fo 
sin wt t COS wt. 
2w 


As suspected, when t — °%, the displacements become large; in fact, |x(t,)| — % 
when t, = nz /e, n = 1, 2, .... The phenomenon that we have just described is 
known as pure resonance. The graph given in Figure 5.1.14 shows typical motion 
in this case. 

In conclusion it should be noted that there is no actual need to use a limiting 
process on (30) to obtain the solution for y = c. Alternatively, equation (31) follows 
by solving the initial-value problem 


— + ox =Fysinwt, x(0 —0, x'(0)=0 


directly by conventional methods. 

If the displacements of a spring/mass system were actually described by a func- 
tion such as (31), the system would necessarily fail. Large oscillations of the mass 
would eventually force the spring beyond its elastic limit. One might argue too that 
the resonating model presented in Figure 5.1.14 is completely unrealistic because it 
ignores the retarding effects of ever-present damping forces. Although it is true that 
pure resonance cannot occur when the smallest amount of damping is taken into con- 
sideration, large and equally destructive amplitudes of vibration (although bounded 
as t — ©) can occur. See Problem 43 in Exercises 5.1. 
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O$ k 


| 
| 
C 
FIGURE 5.1.15 LRC series circuit 


5.1.4 SERIES CIRCUIT ANALOGUE 


LRC SERIES CIRCUITS As was mentioned in the introduction to this chapter, many 
different physical systems can be described by a linear second-order differential equa- 
tion similar to the differential equation of forced motion with damping: 


2 
as » + kx = fÒ. (32) 


If i(t) denotes current in the LRC series electrical circuit shown in Figure 5.1.15, 
then the voltage drops across the inductor, resistor, and capacitor are as shown in 
Figure 1.3.3. By Kirchhoff's second law the sum of these voltages equals the voltage 
E(t) impressed on the circuit; that is, 


p acies nes (33) 
pon t d = S 
dt c? 


But the charge q(t) on the capacitor is related to the current i(t) by i = dq/dt, so (33) 
becomes the linear second-order differential equation 


"La Ww. WU E(f) (34) 
d£ d c! i 


The nomenclature used in the analysis of circuits is similar to that used to 
describe spring/mass systems. 

If E(t) = 0, the electrical vibrations of the circuit are said to be free. Because 
the auxiliary equation for (34) is Lm? + Rm + 1/C = 0, there will be three forms of 
the solution with R # 0, depending on the value of the discriminant R? — 4L/C. We 
say that the circuit is 


overdamped if R? — ALIC > 0, 
critically damped if R? — AL/C = 0, 
and underdamped if R — ALIC « 0. 


In each of these three cases the general solution of (34) contains the factor p "PL so 


q(t) > 0 as t — ©. In the underdamped case when q(0) = qo, the charge on the 
capacitor oscillates as it decays; in other words, the capacitor is charging and dis- 
charging as f — ov. When E(t) = 0 and R = 0, the circuit is said to be undamped, 
and the electrical vibrations do not approach zero as ¢ increases without bound; the 
response of the circuit is simple harmonic. 


[ EXAMPLE 9  Underdamped Series Circuit 


Find the charge q(t) on the capacitor in an LRC series circuit when L = 0.25 henry (h), 
R = 10 ohms (Q), C = 0.001 farad (f), E(r) = 0, q(0) = qo coulombs (C), and i(0) = 0. 


SOLUTION Since 1/C = 1000, equation (34) becomes 

1 

14 + 10q' + 10009 = 0 or q” + 40q' + 4000q = 0. 
Solving this homogeneous equation in the usual manner, we find that the circuit is un- 
derdamped and g(t) = e~?"(c, cos 60t + c; sin 601). Applying the initial conditions, 


we find c; = qo and c; = 1 qo. Thus 


1 
q(t) — aeos 60t + 3 sin sor) 
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Using (23), we can write the foregoing solution as 


V 10 
qt) = A e 2 sin(60t + 1.249). H 


When there is an impressed voltage E(t) on the circuit, the electrical vibrations 
are said to be forced. In the case when R 7 0, the complementary function q(t) of 
(34) is called a transient solution. If E(f) is periodic or a constant, then the particu- 
lar solution qy(t) of (34) is a steady-state solution. 


| EXAMPLE 10 Steady-State Current 


Find the steady-state solution q,(t) and the steady-state current in an LRC series cir- 
cuit when the impressed voltage is E(f) — Eo sin yt. 


SOLUTION The steady-state solution g,(¢) is a particular solution of the differential 
equation 


d? d 1 
LRA —34- Ein yt. 


I7 
dt^ dt C 


Using the method of undetermined coefficients, we assume a particular solution of 
the form q,(t) = A sin yt + B cos yt. Substituting this expression into the differen- 
tial equation, simplifying, and equating coefficients gives 


1 
he : Cy Re ER 
2 1 2 1 
=y| Ly = = z -y(r - 3. +R) 
Zi y C Cy? y y C Cy? 


It is convenient to express A and B in terms of some new symbols. 


1 5 2L 1 
If X=Ly-— then | X2- Dy? d 
Cy C Cy 
2L 1 
If Z= VX? + R’, then Z2— Dy + TR 
C Cy? 


Therefore A = EX /(—y Z2) and B = EgR/(—'yZ?), so the steady-state charge is 


dá EX 0, ER : 
= sin COS P 
dp woh rovg 


Now the steady-state current is given by i(r) = qt): 


. E/R , X 
i(t) = 7 a yt 7 95 yt |. (35) E 


The quantities X = Ly — 1/Cy and Z = VX? + R? defined in Example 11 are 
called the reactance and impedance, respectively, of the circuit. Both the reactance 
and the impedance are measured in ohms. 
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EX E RC | S E S 5 . 1 Answers to selected odd-numbered problems begin on page ANS-7. 


5.1.1 SPRING/MASS SYSTEMS: 
FREE UNDAMPED MOTION 


1. A mass weighing 4 pounds is attached to a spring whose 


spring constant is 16 Ib/ft. What is the period of simple 
harmonic motion? 


. A 20-kilogram mass is attached to a spring. If the fre- 
quency of simple harmonic motion is 2/7 cycles/s, 
what is the spring constant k? What is the frequency 
of simple harmonic motion if the original mass is 
replaced with an 80-kilogram mass? 


. A mass weighing 24 pounds, attached to the end of 
a spring, stretches it 4 inches. Initially, the mass is 
released from rest from a point 3 inches above the equi- 
librium position. Find the equation of motion. 


. Determine the equation of motion if the mass in 
Problem 3 is initially released from the equilibrium 
position with a downward velocity of 2 ft/s. 


. A mass weighing 20 pounds stretches a spring 6 inches. 
The mass is initially released from rest from a point 
6 inches below the equilibrium position. 


(a) Find the position of the mass at the times t = 7/12, 
7/8, 7/6, 7/4, and 977/32 s. 

(b) What is the velocity of the mass when t = 37/16 s? 
In which direction is the mass heading at this 
instant? 


(c) At what times does the mass pass through the equi- 
librium position? 


. A force of 400 newtons stretches a spring 2 meters. 
A mass of 50 kilograms is attached to the end of the 
spring and is initially released from the equilibrium 
position with an upward velocity of 10 m/s. Find the 
equation of motion. 


. Another spring whose constant is 20 N/m is suspended 
from the same rigid support but parallel to the 
spring/mass system in Problem 6. A mass of 20 kilo- 
grams is attached to the second spring, and both masses 
are initially released from the equilibrium position with 
an upward velocity of 10 m/s. 


(a) Which mass exhibits the greater amplitude of 
motion? 


(b) Which mass is moving faster at t = 7/4 s? At 
7/28? 

(c) At what times are the two masses in the same 
position? Where are the masses at these times? In 
which directions are the masses moving? 


. A mass weighing 32 pounds stretches a spring 2 feet. 
Determine the amplitude and period of motion if the 
mass is initially released from a point | foot above the 


10. 


11. 


12. 


13. 


equilibrium position with an upward velocity of 2 ft/s. 
How many complete cycles will the mass have com- 
pleted at the end of 477 seconds? 


. A mass weighing 8 pounds is attached to a spring. When 


set in motion, the spring/mass system exhibits simple 
harmonic motion. Determine the equation of motion if 
the spring constant is 1 Ib/ft and the mass is initially 
released from a point 6 inches below the equilibrium 
position with a downward velocity of ; ft/s. Express the 
equation of motion in the form given in (6). 


A mass weighing 10 pounds stretches a spring i foot. 
This mass is removed and replaced with a mass of 
1.6 slugs, which is initially released from a point 1 foot 
above the equilibrium position with a downward veloc- 
ity of i ft/s. Express the equation of motion in the form 
given in (6). At what times does the mass attain a dis- 
placement below the equilibrium position numerically 
equal to 1 the amplitude? 


A mass weighing 64 pounds stretches a spring 0.32 foot. 
The mass is initially released from a point 8 inches 
above the equilibrium position with a downward veloc- 
ity of 5 ft/s. 


(a) Find the equation of motion. 

(b) What are the amplitude and period of motion? 

(c) How many complete cycles will the mass have com- 
pleted at the end of 377 seconds? 

(d) At what time does the mass pass through the equi- 
librium position heading downward for the second 
time? 

(e) At what times does the mass attain its extreme 
displacements on either side of the equilibrium 
position? 

(f) What is the position of the mass at t = 3 s? 

(g) What is the instantaneous velocity at f = 3 s? 

(h) What is the acceleration at t — 3 s? 

(i) What is the instantaneous velocity at the times when 
the mass passes through the equilibrium position? 

(j) At what times is the mass 5 inches below the equi- 
librium position? 

(k) At what times is the mass 5 inches below the equi- 
librium position heading in the upward direction? 


A mass of 1 slug is suspended from a spring whose 
spring constant is 9 Ib/ft. The mass is initially released 
from a point 1 foot above the equilibrium position 
with an upward velocity of V3 ft/s. Find the times 
at which the mass is heading downward at a velocity 
of 3 ft/s. 


Under some circumstances when two parallel springs, 
with constants kı and k2, support a single mass, the 


14. 


15. 


16. 


effective spring constant of the system is given by 
k = 4kık2/(kı + k2). A mass weighing 20 pounds 
stretches one spring 6 inches and another spring 
2 inches. The springs are attached to a common rigid 
support and then to a metal plate. As shown in 
Figure 5.1.16, the mass is attached to the center of 
the plate in the double-spring arrangement. Determine 
the effective spring constant of this system. Find the 
equation of motion if the mass is initially released 
from the equilibrium position with a downward velocity 
of 2 ft/s. 


FIGURE 5.1.16 Double-spring system in 
Problem 13 


A certain mass stretches one spring i foot and another 
spring i foot. The two springs are attached to a common 
rigid support in the manner described in Problem 13 and 
Figure 5.1.16. The first mass is set aside, a mass weigh- 
ing 8 pounds is attached to the double-spring arrange- 
ment, and the system is set in motion. If the period 
of motion is 7/15 second, determine how much the 
first mass weighs. 


A model of a spring/mass system is 4x" + e 9!!y = 0. 
By inspection of the differential equation only, dis- 
cuss the behavior of the system over a long period of 
time. 


A model of a spring/mass system is 4x” + tx = 0. 
By inspection of the differential equation only, dis- 
cuss the behavior of the system over a long period of 
time. 


5.1.2. SPRING/MASS SYSTEMS: 


FREE DAMPED MOTION 


In Problems 17—20 the given figure represents the graph of 
an equation of motion for a damped spring/mass system. 
Use the graph to determine 


(a) whether the initial displacement is above or below the 


equilibrium position and 


(b) whether the mass is initially released from rest, heading 


downward, or heading upward. 


5.1 


17. 


18. 


19. 


20. 


21. 
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Sy 


FIGURE 5.1.17 Graph for Problem 17 


SEF 


FIGURE 5.1.18 Graph for Problem 18 


--— 


J 


FIGURE 5.1.19 Graph for Problem 19 


XA 


=y 


FIGURE 5.1.20 Graph for Problem 20 


A mass weighing 4 pounds is attached to a spring whose 
constant is 2 lb/ft. The medium offers a damping force 
that is numerically equal to the instantaneous velocity. 
The mass is initially released from a point 1 foot above 
the equilibrium position with a downward velocity of 
8 ft/s. Determine the time at which the mass passes 
through the equilibrium position. Find the time at which 
the mass attains its extreme displacement from the equi- 
librium position. What is the position of the mass at this 
instant? 
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22. 


23. 


24. 


25. 


26. 


27. 
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A 4-foot spring measures 8 feet long after a mass weigh- 
ing 8 pounds is attached to it. The medium through 
which the mass moves offers a damping force numeri- 
cally equal to V2 times the instantaneous velocity. Find 
the equation of motion if the mass is initially released 
from the equilibrium position with a downward velocity 
of 5 ft/s. Find the time at which the mass attains its 
extreme displacement from the equilibrium position. 
What is the position of the mass at this instant? 


A 1|-kilogram mass is attached to a spring whose constant 
is 16 N/m, and the entire system is then submerged in a 
liquid that imparts a damping force numerically equal to 
10 times the instantaneous velocity. Determine the equa- 
tions of motion if 


(a) the mass is initially released from rest from a point 
] meter below the equilibrium position, and then 


(b) the mass is initially released from a point 1 meter 
below the equilibrium position with an upward 
velocity of 12 m/s. 


In parts (a) and (b) of Problem 23 determine whether the 
mass passes through the equilibrium position. In each 
case find the time at which the mass attains its extreme 
displacement from the equilibrium position. What is the 
position of the mass at this instant? 


A force of 2 pounds stretches a spring 1 foot. A mass 
weighing 3.2 pounds is attached to the spring, and the 
system is then immersed in a medium that offers a 
damping force that is numerically equal to 0.4 times the 
instantaneous velocity. 


(a) Find the equation of motion if the mass is initially 
released from rest from a point 1 foot above the 
equilibrium position. 

(b) Express the equation of motion in the form given 
in (23). 

(c) Find the first time at which the mass passes through 
the equilibrium position heading upward. 


After a mass weighing 10 pounds is attached to a 5-foot 
spring, the spring measures 7 feet. This mass is removed 
and replaced with another mass that weighs 8 pounds. 
The entire system is placed in a medium that offers a 
damping force that is numerically equal to the instanta- 
neous velocity. 


(a) Find the equation of motion if the mass is initially 
released from a point 1 foot below the equilibrium 
position with a downward velocity of 1 ft/s. 

(b) Express the equation of motion in the form given 
in (23). 

(c) Find the times at which the mass passes through the 
equilibrium position heading downward. 


(d) Graph the equation of motion. 


A mass weighing 10 pounds stretches a spring 2 feet. The 
mass is attached to a dashpot device that offers a damping 


28. 


force numerically equal to B (B > 0) times the instanta- 
neous velocity. Determine the values of the damping con- 
stant B so that the subsequent motion is (a) overdamped, 
(b) critically damped, and (c) underdamped. 


A mass weighing 24 pounds stretches a spring 4 feet. 
The subsequent motion takes place in medium that offers 
a damping force numerically equal to B (8 > 0) times 
the instantaneous velocity. If the mass is initially 
released from the equilibrium position with an upward 
velocity of 2 ft/s, show that when B > 3 V2 the equa- 
tion of motion is 


—3 2 
———— À——— er Bi us LA 
x(t) 7 "T f sinh 7 B? 18t. 


5.1.3 SPRING/MASS SYSTEMS: 


DRIVEN MOTION 


29. 


30. 


31. 


32. 


33. 


34. 


A mass weighing 16 pounds stretches a spring $ feet. The 
mass is initially released from rest from a point 2 feet 
below the equilibrium position, and the subsequent 
motion takes place in a medium that offers a damping 
force that is numerically equal to 5 the instantaneous 
velocity. Find the equation of motion if the mass is 
driven by an external force equal to f(t) = 10 cos 3r. 


A mass of 1 slug is attached to a spring whose constant 
is 5 lb/ft. Initially, the mass is released 1 foot below 
the equilibrium position with a downward velocity of 
5 ft/s, and the subsequent motion takes place in a 
medium that offers a damping force that is numerically 
equal to 2 times the instantaneous velocity. 


(a) Find the equation of motion if the mass is driven by an 
external force equal to f(f) = 12 cos 2t + 3 sin 2t. 


(b) Graph the transient and steady-state solutions on the 
same coordinate axes. 


(c) Graph the equation of motion. 


A mass of 1 slug, when attached to a spring, stretches it 
2 feet and then comes to rest in the equilibrium position. 
Starting at  — 0, an external force equal to f(t) = 8 sin 4f 
is applied to the system. Find the equation of motion if 
the surrounding medium offers a damping force that is 
numerically equal to 8 times the instantaneous velocity. 


In Problem 31 determine the equation of motion if the 
external force is f(t) = e ' sin 4t. Analyze the displace- 
ments for f > oc. 


When a mass of 2 kilograms is attached to a spring 
whose constant is 32 N/m, it comes to rest in the equi- 
librium position. Starting at t= 0, a force equal to 
f(t) = 68e ?' cos 4t is applied to the system. Find the 
equation of motion in the absence of damping. 


In Problem 33 write the equation of motion in the form 
x(t) = Asin(ct + p) + Be "'sin(At + 0). What is the 
amplitude of vibrations after a very long time? 


35. 


36. 


A mass m is attached to the end of a spring whose con- 
stant is k. After the mass reaches equilibrium, its support 
begins to oscillate vertically about a horizontal line L 
according to a formula A(t). The value of h represents the 
distance in feet measured from L. See Figure 5.1.21. 


(a) Determine the differential equation of motion if 
the entire system moves through a medium offer- 
ing a damping force that is numerically equal to 
B(dx/dt). 

(b) Solve the differential equation in part (a) if the spring 
is stretched 4 feet by a mass weighing 16 pounds and 
B = 2, h(t) = 5 cos t, x(0) = x'(0) = 0. 


support 


i ! h(t) 


FIGURE 5.1.21 Oscillating support in Problem 35 


A mass of 100 grams is attached to a spring whose 
constant is 1600 dynes/cm. After the mass reaches equi- 
librium, its support oscillates according to the formula 
h(t) = sin 8t, where h represents displacement from its 
original position. See Problem 35 and Figure 5.1.21. 


(a) In the absence of damping, determine the equation 
of motion if the mass starts from rest from the equi- 
librium position. 

(b) At what times does the mass pass through the equi- 
librium position? 

(c) At what times does the mass attain its extreme 
displacements? 

(d) What are the maximum and minimum displace- 
ments? 


(e) Graph the equation of motion. 


In Problems 37 and 38 solve the given initial-value problem. 


37. 


38. 


39. 


d?x . 
— + 4x = —5 sin 2t + 3 cos 2t, 
dt? 


x0) = —1, x(0-21 


2 


T oeann 


2 3(0) = 2, 


x'(0) = 0 
(a) Show that the solution of the initial-value problem 


d?x 
— + wx = Focos yt, x(0) = 0, 


a x'(0) — 0 


Fo 
is X(t) = —5— (cos yt — cos wt). 
oY 


5.1 


40. 


41. 
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F, 
(b) Evaluate lim ——— (cos yt — cos wt). 
yo (y^ — y 


Compare the result obtained in part (b) of Problem 39 
with the solution obtained using variation of parameters 
when the external force is Fo cos wt. 


(a) Show that x(t) given in part (a) of Problem 39 can 
be written in the form 


—2F, . 1 | 
x(t) ^ — 5; Sin -(y — o)tsin - (y + o)t. 
Qt — y 2 2 


(b) 


If we define € = i(y — w), show that when e is 
small an approximate solution is 


Fo... f 
x(t) = —— sin et sin yt. 
2ey 


When e£ is small, the frequency y/27 of the 
impressed force is close to the frequency w /27 of 
free vibrations. When this occurs, the motion is as 
indicated in Figure 5.1.22. Oscillations of this 
kind are called beats and are due to the fact that 
the frequency of sin ef is quite small in compari- 
son to the frequency of sin yt. The dashed curves, 
or envelope of the graph of x(t), are obtained from 
the graphs of +(Fo /2ey) sin et. Use a graphing 
utility with various values of Fo, £, and y to verify 
the graph in Figure 5.1.22. 


-Y 


FIGURE 5.1.22 Beats phenomenon in Problem 41 


Computer Lab Assignments 


42. 


43. 


Can there be beats when a damping force is added to the 
model in part (a) of Problem 39? Defend your position 
with graphs obtained either from the explicit solution of 
the problem 
23 DUE aiseduoith x06. HOO 
d? g 2” ocos yt, x px 
or from solution curves obtained using a numerical 
solver. 
(a) Show that the general solution of 

d?x dx 

dà F2A P7 + œx = Fosin yt 
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is 
x(t) = Ae~™ sin( V a — At + $) 
F 
d: 0 
Vla — PP + Ay? 
where A = Vc? + cj? and the phase angles $ 


and 6 are, respectively, defined by sin $ = c,/A, 
cos $ = c5 /A and 


sin(yt + 0), 


—2AÀy 
sin 0 = ; 
Vlo? nm yy EN 4A y? 
ENDS 
cos 0 = = x : 
Vlw? = yy EN 4A y? 
(b) The solution in part (a) has the form 


X(t) = x(t) + x(t). Inspection shows that x,(t) is tran- 

sient, and hence for large values of time, the solution 

is approximated by x,(t) = g(y) sin(yt + 0), where 
Fo 

Via? — yy + 427? 


aly) = 


Although the amplitude g(y) of x(t) is bounded as 
t — c, show that the maximum oscillations will 
occur at the value y, = Væ? — 2X7. What is the 
maximum value of g? The number V o? — 2A?/27 
is said to be the resonance frequency of the system. 


(c) When Fo = 2, m = 1, and k = 4, g becomes 

2 
VGH Pye PY 
Construct a table of the values of yı and g(y1) corre- 
sponding to the damping coefficients B = 2, B = 1, 
B- $ B= 1 and B — i. Use a graphing utility to 
obtain the graphs of g corresponding to these damp- 
ing coefficients. Use the same coordinate axes. This 
family of graphs is called the resonance curve or 
frequency response curve of the system. What is 
yı approaching as B — 0? What is happening to the 
resonance curve as 6 — 0? 


gy = 


Consider a driven undamped spring/mass system 
described by the initial-value problem 
d?x 


— + ox = Fysin" yt, 


a x(0) = 0, 


x'(0) = 0. 
(a) For n = 2, discuss why there is a single frequency 
y,/27 at which the system is in pure resonance. 

(b) For n = 3, discuss why there are two frequencies 
yi/23 and y2/27 at which the system is in pure 
resonance. 


(c 


— 


Suppose w = | and Fo = 1. Use a numerical solver 
to obtain the graph of the solution of the initial-value 
problem for n = 2 and y = y, in part (a). Obtain the 
graph of the solution of the initial-value problem for 
n = 3 corresponding, in turn, to y = yı and y = y2 
in part (b). 


5.1.4 SERIES CIRCUIT ANALOGUE 


45. 


46. 


Find the charge on the capacitor in an LRC series circuit 
at t= 0.00 s when L=0.05h, R=20, C= 0.01f, 
E(t) = 0 V, q(0) = 5 C, and i(0) = 0 A. Determine the 
first time at which the charge on the capacitor is equal to 
Zero. 


Find the charge on the capacitor in an LRC series 
circuit when L = į h, R = 200, C = gg f, E(t) = OV, 
q(0) = 4 C, and i(0) = 0 A. Is the charge on the capaci- 
tor ever equal to zero? 


In Problems 47 and 48 find the charge on the capacitor and 
the current in the given LRC series circuit. Find the maxi- 
mum charge on the capacitor. 


47. 


48. 


49. 


50. 


51. 


52. 


53. 


54. 


55. 


56. 


57. 


58. 


L-ihR-100,C-if E()-300V,q(0) = 0C, 
i(0) — 0A 


L=1h, R=1000, C= 0.0004 f, 
q(0) = 0C, i(0)= 2 A 


E(t) = 30 V, 


Find the steady-state charge and the steady-state current 
in an LRC series circuit when L= 1h, R=20, 
C = 0.25 f, and E(t) = 50 cos t V. 


Show that the amplitude of the steady-state current in 
the LRC series circuit in Example 10 is given by Eo/Z, 
where Z is the impedance of the circuit. 


Use Problem 50 to show that the steady-state current 
in an LRC series circuit when L = 1h, R — 200, 
C = 0.001f, and E(t) = 100 sin 607 V, is given by 
ip(t) = 4.160 sin(601 — 0.588). 


Find the steady-state current in an LRC series 
circuit when L = Ih, R=200, C=0.001f, and 
E(t) = 100 sin 60: + 200 cos 40t V. 


Find the charge on the capacitor in an LRC series circuit 
when L = +h, R=100, C=0.01f, E@ = 150 V, 
q(0) = 1 C, and i(0) = 0 A. What is the charge on the 
capacitor after a long time? 


Show that if L, R, C, and Eo are constant, then the 
amplitude of the steady-state current in Example 10 is a 
maximum when y — 1/ VLC What is the maximum 
amplitude? 


Show that if L, R, Eo, and y are constant, then the 
amplitude of the steady-state current in Example 10 is a 
maximum when the capacitance is C — 1/Ly?. 


Find the charge on the capacitor and the current in an LC 
circuit when L = 0.1 h, C = 0.1 f, E(t) = 100 sin yt V, 
q(0) = OC, and i(0) = 0 A. 

Find the charge on the capacitor and the current in an 
LC circuit when E(t) = Ep cos yt V, q(0) = qo C, and 
i(0) = io A. 

In Problem 57 find the current when the circuit is in 
resonance. 
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axis of symmetry 


(a) 


deflection curve 


(b) 
FIGURE 5.2.1 Deflection of a 


homogeneous beam 


REVIEW MATERIAL 


e Problems 37—40 in Exercises 4.3 
e Problems 37—40 in Exercises 4.4 


INTRODUCTION The preceding section was devoted to systems in which a second-order math- 
ematical model was accompanied by initial conditions — that is, side conditions that are specified on 
the unknown function and its first derivative at a single point. But often the mathematical descrip- 
tion of a physical system demands that we solve a homogeneous linear differential equation subject 
to boundary conditions —that is, conditions specified on the unknown function, or on one of its 
derivatives, or even on a linear combination of the unknown function and one of its derivatives at 
two (or more) different points. 


DEFLECTION OF A BEAM Many structures are constructed by using girders or 
beams, and these beams deflect or distort under their own weight or under the influence 
of some external force. As we shall now see, this deflection y(x) is governed by a rela- 
tively simple linear fourth-order differential equation. 

To begin, let us assume that a beam of length L is homogeneous and has uniform 
cross sections along its length. In the absence of any load on the beam (including its 
weight), a curve joining the centroids of all its cross sections is a straight line called 
the axis of symmetry. See Figure 5.2.1(a). If a load is applied to the beam in a verti- 
cal plane containing the axis of symmetry, the beam, as shown in Figure 5.2.1(b), 
undergoes a distortion, and the curve connecting the centroids of all cross sections is 
called the deflection curve or elastic curve. The deflection curve approximates the 
shape of the beam. Now suppose that the x-axis coincides with the axis of symmetry 
and that the deflection y(x), measured from this axis, is positive if downward. In the 
theory of elasticity it is shown that the bending moment M(x) at a point x along the 
beam is related to the load per unit length w(x) by the equation 


aM 
di w(x). (1) 
In addition, the bending moment M(x) is proportional to the curvature x of the elas- 
tic curve 


M(x) — Elk, (2) 


where E and / are constants; E is Young's modulus of elasticity of the material of the 
beam, and / is the moment of inertia of a cross section of the beam (about an axis 
known as the neutral axis). The product E7 is called the flexural rigidity of the beam. 
Now, from calculus, curvature is given by x = y"/[1 + (y'?P?. When the 
deflection y(x) is small, the slope y' = 0, and so [1 + (y)? P? ~ 1. If we let k 7 y", 
equation (2) becomes M — EI y". The second derivative of this last expression is 


dM py ug T 
dx? dx? y dx* 


(3) 


Using the given result in (1) to replace d 2M /dx? in (3), we see that the deflection y(x) 
satisfies the fourth-order differential equation 


Ea TY (4) 


200 ° CHAPTER 5 MODELING WITH HIGHER-ORDER DIFFERENTIAL EQUATIONS 


(a) embedded at both ends 


x=0 x=L 


(b) cantilever beam: embedded at 
the left end, free at the right 


(c) simply supported at both ends 


FIGURE 5.2.2 Beams with various end 
conditions 


TABLE 5.1 


Ends of the Beam Boundary Conditions 


embedded y=0, y =0 
free y"=0, y"=0 
simply supported 

or hinged y=0, y"=0 


Boundary conditions associated with equation (4) depend on how the ends of the 
beam are supported. A cantilever beam is embedded or clamped at one end and 
free at the other. A diving board, an outstretched arm, an airplane wing, and a bal- 
cony are common examples of such beams, but even trees, flagpoles, skyscrapers, 
and the George Washington Monument can act as cantilever beams because they 
are embedded at one end and are subject to the bending force of the wind. For 
a cantilever beam the deflection y(x) must satisfy the following two conditions at 
the embedded end x = 0: 


e y(0) = 0 because there is no deflection, and 
* y'(0) = 0 because the deflection curve is tangent to the x-axis (in other 
words, the slope of the deflection curve is zero at this point). 


At x — L the free-end conditions are 


* y"(L) = 0 because the bending moment is zero, and 
* y"(L) = 0 because the shear force is zero. 


The function F(x) = dM/dx = EI dy/dx? is called the shear force. If an end of 
a beam is simply supported or hinged (also called pin supported and fulcrum 
supported) then we must have y = 0 and y" = 0 at that end. Table 5.1 summarizes 
the boundary conditions that are associated with (4). See Figure 5.2.2. 


I EXAMPLE 1 An Embedded Beam 


A beam of length L is embedded at both ends. Find the deflection of the beam if a con- 
stant load wo is uniformly distributed along its length — that is, w(x) = wo, 0 < x < L. 


SOLUTION From (4) we see that the deflection y(x) satisfies 


d^y 
EITA = Wo. 


Because the beam is embedded at both its left end (x = 0) and its right end (x = L), 
there is no vertical deflection and the line of deflection is horizontal at these points. 
Thus the boundary conditions are 


yO)=0, y(0-0, 542-0  y)-0. 


We can solve the nonhomogeneous differential equation in the usual manner (find ye 
by observing that m = 0 is root of multiplicity four of the auxiliary equation m^ = 0 
and then find a particular solution y, by undetermined coefficients), or we can simply 
integrate the equation d^y /dx^ = wo/EI four times in succession. Either way, we 
find the general solution of the equation y = ye + yp to be 


Wi 
=, exc ox + ex +— 
y(x) = ci + ex + cx C4X "AED. 
Now the conditions y(0) = 0 and y'(0) = 0 give, in turn, c; = 0 and c = 0, whereas the 
Wo 4 


remaining conditions y(L) = 0 and y'(L) = 0 applied to y(x) = c4x? + c4x° + Sani 


yield the simultaneous equations 


W 
L + aL +O 
“3 = 24 EI 


Wo 
2c4L + 3,22 + 2B = 
is = 6EI 


yy 


FIGURE 5.2.3 Deflection curve for 
Example 1 


= Note that we use 
hyperbolic functions 
here. Reread "Two 
Equations Worth 
Knowing" on 

page 135. 
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Solving this system gives c3 = wọL?/24EI and c4 = —woL/ I2EI. Thus the deflection is 


= WoL? 2 WoL 3 Wo 4 

YO) = 4E 2E ^ AED 
or y(x) = TT x(x — Ly. By choosing wo = 24EI, and L = 1, we obtain the 
deflection curve in Figure 5.2.3. E 


EIGENVALUES AND EIGENFUNCTIONS Many applied problems demand 
that we solve a two-point boundary-value problem (BVP) involving a linear differen- 
tial equation that contains a parameter A. We seek the values of A for which the 
boundary-value problem has nontrivial, that is, nonzero, solutions. 


| EXAMPLE 2 Nontrivial Solutions of a BVP 


Solve the boundary-value problem 
y" + ay=0, y(0—0, yQ) - 0. 
SOLUTION We shall consider three cases: A = 0, A < 0, and A > 0. 
CASE |: For A = 0 the solution of y" = 0 is y = cix + c2. The conditions y(0) = 0 


and y(L) = 0 applied to this solution imply, in turn, c? = 0 and c, = 0. Hence for A = 0 
the only solution of the boundary-value problem is the trivial solution y — 0. 


CASE Il: For A « 0 it is convenient to write A = —o?, where a denotes a positive 
number. With this notation the roots of the auxiliary equation m? — o? = 0 arem; = a 
and m» = —a. Since the interval on which we are working is finite, we choose to write 


the general solution of y" — ay = 0 as y = cı cosh ax + c» sinh ax. Now y(0) is 


y(0) = cı cosh 0 + csinh0O —c;*1 t 6:0-—c,, 


and so y(0) = 0 implies that c; = 0. Thus y = c2 sinh ax. The second condition, 
y(L) = 0, demands that c» sinh aL = 0. For a + 0, sinh aL + 0; consequently, we 
are forced to choose cz = 0. Again the only solution of the BVP is the trivial solu- 
tion y = 0. 


CASE Ill: For A 0 we write A = o2, where a is a positive number. Because the 
auxiliary equation m? + a? = 0 has complex roots m; = ia and m» = —ia, the 
general solution of y" + o?y = 0 is y = cı cos ax + c» sin ax. As before, y(0) = 0 
yields cı = 0, and so y = cz sin ax. Now the last condition y(L) = 0, or 


csin aL = 0, 


is satisfied by choosing c» = 0. But this means that y = 0. If we require c2 # 0, then 
sin aL = 0 is satisfied whenever aL is an integer multiple of 77. 


2 
aL -— nm or REL or A = a = (te. n=1,2,3,.... 
L L 


Therefore for any real nonzero c», y = c» sin(nzx/L) is a solution of the problem for 
each n. Because the differential equation is homogeneous, any constant multiple of a 
solution is also a solution, so we may, if desired, simply take c2 = 1. In other words, 
for each number in the sequence 
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(a) (b) 
FIGURE 5.2.4 Elastic column 


buckling under a compressive force 


(a) (b) (c) 
FIGURE 5.2.5  Deflection curves 


corresponding to compressive forces 
Pj, Po, P3 


=y 


the corresponding function in the sequence 


T _ 2T . 3m 
= sin— x, > = sin—x, = sin— x, **, 
Xi L ya a ¥3 i 


is a nontrivial solution of the original problem. a 


The numbers A, = nr’ "t L?, n — 1, 2, 3,... for which the boundary-value 
problem in Example 2 possesses nontrivial solutions are known as eigenvalues. The 
nontrivial solutions that depend on these values of An, y, = c» sin(nzx/L) or simply 
Yn = sin(nTx/L), are called eigenfunctions. 


BUCKLING OF A THIN VERTICAL COLUMN In the eighteenth century 
Leonhard Euler was one of the first mathematicians to study an eigenvalue problem 
in analyzing how a thin elastic column buckles under a compressive axial force. 

Consider a long, slender vertical column of uniform cross section and length L. 
Let y(x) denote the deflection of the column when a constant vertical compressive 
force, or load, P is applied to its top, as shown in Figure 5.2.4. By comparing bend- 
ing moments at any point along the column, we obtain 


d?y 
dx 


EI — = -Py or  EI—--Py-0, (5) 


where E is Young's modulus of elasticity and / is the moment of inertia of a cross 
section about a vertical line through its centroid. 


| EXAMPLE 3 The Euler Load 


Find the deflection of a thin vertical homogeneous column of length L subjected to a 
constant axial load P if the column is hinged at both ends. 


SOLUTION The boundary-value problem to be solved is 


d’y 
El —; + Py=0, y(00—0, y(L) = 0. 

dx 
First note that y = 0 is a perfectly good solution of this problem. This solution has 
a simple intuitive interpretation: If the load P is not great enough, there is no 
deflection. The question then is this: For what values of P will the column bend? In 
mathematical terms: For what values of P does the given boundary-value problem 
possess nontrivial solutions? 

By writing A = P/EI, we see that 


y'*AycQ9, y(0)—0, 00 


is identical to the problem in Example 2. From Case III of that discussion we see 
that the deflections are y,(x) = c» sin(mx/L) corresponding to the eigenvalues 


An = P,/EI = nm? /L?, n = 1,2, 3,... . Physically, this means that the column 
will buckle or deflect only when the compressive force is one of the values 
P, = n?m EI /L?, n= 1, 2, 3,.... These different forces are called critical 


loads. The deflection corresponding to the smallest critical load P, = m?EI/L?, 
called the Euler load, is y\(x) = c» sin(x/L) and is known as the first buckling 
mode. El 


The deflection curves in Example 3 corresponding to n = 1, n = 2, and n = 3 
are shown in Figure 5.2.5. Note that if the original column has some sort of physical 
restraint put on it at x = L /2, then the smallest critical load will be P; = 47?EI/L?, 
and the deflection curve will be as shown in Figure 5.2.5(b). If restraints are put on 
the column at x = L /3 and at x = 2L /3, then the column will not buckle until the 


(c) 


FIGURE 5.2.6 Rotating string and 


forces acting on it 


T[y'(x + Ax) - y'G)] = -(pAx)ye? — or 
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critical load P4 = 9z?EI/L? is applied, and the deflection curve will be as shown in 
Figure 5.2.5(c). See Problem 23 in Exercises 5.2. 


ROTATING STRING The simple linear second-order differential equation 
yor Ay = 0 (6) 


occurs again and again as a mathematical model. In Section 5.1 we saw (6) in the 
forms d?x/dt + (k/m)x = 0 and d?q/dt? + (1/LC)q = 0 as models for, respec- 
tively, the simple harmonic motion of a spring/mass system and the simple harmonic 
response of a series circuit. It is apparent when the model for the deflection of a thin 
column in (5) is written as d?y /dx? + (P/EI)y = 0 that it is the same as (6). We 
encounter the basic equation (6) one more time in this section: as a model that defines 
the deflection curve or the shape y(x) assumed by a rotating string. The physical situ- 
ation is analogous to when two people hold a jump rope and twirl it in a synchronous 
manner. See Figures 5.2.6(a) and 5.2.6(b). 

Suppose a string of length L with constant linear density p (mass per unit length) 
is stretched along the x-axis and fixed at x — 0 and x — L. Suppose the string is then 
rotated about that axis at a constant angular speed w. Consider a portion of the string 
on the interval [x, x + Ax], where Ax is small. If the magnitude T of the tension T, 
acting tangential to the string, is constant along the string, then the desired differen- 
tial equation can be obtained by equating two different formulations of the net force 
acting on the string on the interval [x, x + Ax]. First, we see from Figure 5.2.6(c) that 
the net vertical force is 


F-—Tsin0, — Tsin6, (7) 


When angles 0; and 05 (measured in radians) are small, we have sin 05 ~ tan 0» and 
sin 0; = tan 0;. Moreover, since tan 0» and tan 0, are, in turn, slopes of the lines con- 
taining the vectors T? and T;, we can also write 


tan 0, = y'(x + Ax) and tan 0, = y'(x). 
Thus (7) becomes 
F =~ T[y'(x + Ax) — y'G9l. (8) 


Second, we can obtain a different form of this same net force using Newton's second 
law, F = ma. Here the mass of the string on the interval is m = p Ax; the centripetal 
acceleration of a body rotating with angular speed c in a circle of radius r is a = rw”. 


With Ax small we take r — y. Thus the net vertical force is also approximated by 
F ~ —(p Ax)yo?, (9) 
where the minus sign comes from the fact that the acceleration points in the direction 


opposite to the positive y-direction. Now by equating (8) and (9), we have 


| dato quotient 


! + Ax) — y’ 
ACRES MAL x Pu + po?y —0. (10) 


For Ax close to zero the difference quotient in (10) is approximately the second 
derivative d?y/dx?. Finally, we arrive at the model 


g 


d^y 
dx? 


T + po?y = 0. (11) 
Since the string is anchored at its ends x = 0 and x = L, we expect that the solution 
y(x) of equation (11) should also satisfy the boundary conditions y(0) = 0 and 
y(L) = 0. 
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l REMARKS 


(i) Eigenvalues are not always easily found, as they were in Example 2; 
you might have to approximate roots of equations such as tan x = —x or 
cos x cosh x = 1. See Problems 34—38 in Exercises 5.2. 


(ii) Boundary conditions applied to a general solution of a linear differential 
equation can lead to a homogeneous algebraic system of linear equations in 
which the unknowns are the coefficients c; in the general solution. A homoge- 
neous algebraic system of linear equations is always consistent because it 
possesses at least a trivial solution. But a homogeneous system of n linear 
equations in n unknowns has a nontrivial solution if and only if the determi- 
nant of the coefficients equals zero. You might need to use this last fact in 
Problems 19 and 20 in Exercises 5.2. 


| | EXERCISES 5.2 


Answers to selected odd-numbered problems begin on page ANS-8. 


Deflection of a Beam 


In Problems 1 —5 solve equation (4) subject to the appropriate 
boundary conditions. The beam is of length L, and wo is a 
constant. 


1. (a) The beam is embedded at its left end and free at its 
right end, and w(x) = wo, 0 € x < L. 


(b) Use a graphing utility to graph the deflection curve 
when wọ = 24EI and L = 1. 


2. (a) The beam is simply supported at both ends, and 
w(x) = wg, 0 € x € L. 
(b) Use a graphing utility to graph the deflection curve 
when wo = 24E/ and L = 1. 


3. (a) The beam is embedded at its left end and simply sup- 
ported at its right end, and w(x) = wo, 0 < x € L. 


(b) Use a graphing utility to graph the deflection curve 
when wo = 48EI and L = 1. 


4. (a) The beam is embedded at its left end and simply sup- 
ported at its right end, and w(x) = wo sin(ax/L), 
OR SSL, 
(b) Use a graphing utility to graph the deflection curve 
when wo = 277E/ and L = 1. 


(c) Use a root-finding application of a CAS (or a 
graphic calculator) to approximate the point in the 
graph in part (b) at which the maximum deflection 
occurs. What is the maximum deflection? 


5. (a) The beam is simply supported at both ends, and 
w(x) = wox, 0 € x € L. 


(b) Use a graphing utility to graph the deflection curve 
when wọ = 36E/ and L = 1. 


(c) Use a root-finding application of a CAS (or a 
graphic calculator) to approximate the point in the 


graph in part (b) at which the maximum deflection 
occurs. What is the maximum deflection? 


6. (a) Find the maximum deflection of the cantilever beam 


in Problem 1. 


(b) How does the maximum deflection of a beam that 1s 
half as long compare with the value in part (a)? 


(c) Find the maximum deflection of the simply sup- 
ported beam in Problem 2. 


(d) How does the maximum deflection of the simply 
supported beam in part (c) compare with the value 
of maximum deflection of the embedded beam in 
Example 1? 


. A cantilever beam of length L is embedded at its right 


end, and a horizontal tensile force of P pounds is applied 
to its free left end. When the origin is taken at its free end, 
as shown in Figure 5.2.7, the deflection y(x) of the beam 
can be shown to satisfy the differential equation 


Ely" = Py — "25. 


Find the deflection of the cantilever beam if 
w(x) = wox, 0 € x € L, and y(0) = 0, y'(L) = 0. 


WoX 
P n | 


FIGURE 5.2.7 Deflection of cantilever beam in Problem 7 


8. When a compressive instead of a tensile force is applied 
at the free end of the beam in Problem 7, the differential 
equation of the deflection is 


x 
Ely" = —Py — woz 


Solve this equation if w(x) = wox, O < x< L, and 
y0) = 0, y (D) = 0. 


Eigenvalues and Eigenfunctions 
In Problems 9-18 find the eigenvalues and eigenfunctions 
for the given boundary-value problem. 
9. y” + Ay 20, y(0)=0, y(7)=0 
10. y’+Ay=0, y(0 =0, y(7/4)-0 
11. y,' c Ay 20, y(0)=0, yL) =0 
12. y' + ày=0, y(0-0, y'(7m/2)-0 
13. y” + Ay 20, y'(0)=0, y'(7 -0 
14. "c Ay 2 0, y(-7)=0, yr) =0 
15. y" - 2y' c (A+ Dy 7*0, y0)=0, y(5)=0 
16. "' *(A- Dy =0, y(0)=0, y'()-0 
17. iy" - xy! F jy 2 0, y(D 2-0, y(e?) 20 
18. xy" c xy c Ay 20, y(e) 20, yl) =0 
In Problems 19 and 20 find the eigenvalues and eigenfunc- 


tions for the given boundary-value problem. Consider only 
the case A = af, a > 0. 


19. y® - Ay 20, y(0)=0, y"(0)=0, yl) - 0, 
y'(1) =0 

20. y? —dAy=0, y'(0)=0, y"(0)=0, y(7)70, 
y'(m) = 0 


Buckling of a Thin Column 


21. Consider Figure 5.2.5. Where should physical restraints 
be placed on the column if we want the critical load to be 
P4? Sketch the deflection curve corresponding to this load. 


22. The critical loads of thin columns depend on the end 
conditions of the column. The value of the Euler load P, 
in Example 3 was derived under the assumption that the 
column was hinged at both ends. Suppose that a thin 
vertical homogeneous column is embedded at its base 
(x — 0) and free at its top (x — L) and that a constant 
axial load P is applied to its free end. This load either 
causes a small deflection 6 as shown in Figure 5.2.8 or 
does not cause such a deflection. In either case the dif- 
ferential equation for the deflection y(x) is 


d?y 


EI 
dx? 


+ Py = Pô. 
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" 


FIGURE 5.2.8  Deflection of vertical column in 
Problem 22 


(a) What is the predicted deflection when 6 = 0? 


(b) When 6 # 0, show that the Euler load for this col- 
umn is one-fourth of the Euler load for the hinged 
column in Example 3. 


23. As was mentioned in Problem 22, the differential equa- 
tion (5) that governs the deflection y(x) of a thin elastic 
column subject to a constant compressive axial force P 
is valid only when the ends of the column are hinged. In 
general, the differential equation governing the deflection 
of the column is given by 


dí @ d 
(m JE 7 26 


dx? dx? dx? 


Assume that the column is uniform (EI is a constant) 
and that the ends of the column are hinged. Show that 
the solution of this fourth-order differential equation 
subject to the boundary conditions y(0) = 0, y"(0) = 0, 
y(L) = 0, y"(L) = 0 is equivalent to the analysis in 
Example 3. 


24. Suppose that a uniform thin elastic column is hinged at 
the end x = 0 and embedded at the end x = L. 


(a) Use the fourth-order differential equation given in 
Problem 23 to find the eigenvalues A,, the critical 
loads P,,, the Euler load P4, and the deflections y,(x). 

(b) Use a graphing utility to graph the first buckling 
mode. 


Rotating String 


25. Consider the boundary-value problem introduced in the 
construction of the mathematical model for the shape of 
a rotating string: 
d?y " 
T—, + pwy=0, y(00—-0, yL)=0. 
dx* 
For constant T and p, define the critical speeds of angu- 
lar rotation c, as the values of w for which the boundary- 
value problem has nontrivial solutions. Find the critical 
speeds w, and the corresponding deflections y,(x). 


206 eœ 


26. When the magnitude of tension T is not constant, then a 
model for the deflection curve or shape y(x) assumed by 
a rotating string is given by 


d dy 
—|T(x)—| + po?y = 0. 
‘| (x) | po^y = 0 


Suppose that 1 < x < e and that T(x) = x’. 

(a) If y(1) = 0, y(e) = 0, and po? > 0.25, show that 
the critical speeds of angular rotation are 
c, =} V (4n? + 1)/p and the corresponding 
deflections are 


YW = cox l? sin(nmrlnx) n21,2,3,.... 


(b) Use a graphing utility to graph the deflection curves 
on the interval [1, e] for n = 1, 2, 3. Choose c» = 1. 


Miscellaneous Boundary-Value Problems 


27. Temperature in a Sphere Consider two concentric 
spheres of radius r=a and r=b, a<b. See 
Figure 5.2.9. The temperature u(r) in the region 
between the spheres is determined from the boundary- 
value problem 


r — +2 — = 0, ula) =u, ub) = üj 
r r 


where uo and u; are constants. Solve for u(r). 


FIGURE 5.2.9 Concentric spheres in Problem 27 
28. Temperature in a Ring The temperature u(r) in the 
circular ring shown in Figure 5.2.10 is determined from 


the boundary-value problem 


2 
p; t+ >= 0, u(a) = Uo, u(b) = Uj, 
r r 


u = uo 


u = i] 


FIGURE 5.2.10 Circular ring in Problem 28 
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where uo and u; are constants. Show that 


uoln(r/b) — u; In(r/a) 
In(a/b) i 


u(r) = 


Discussion Problems 


29. Simple Harmonic Motion The model mx” + kx = 0 
for simple harmonic motion, discussed in Section 5.1, 
can be related to Example 2 of this section. 

Consider a free undamped spring/mass system for 
which the spring constant is, say, k = 10 lb/ft. Deter- 
mine those masses m, that can be attached to the spring 
so that when each mass is released at the equilibrium 
position at £ = 0 with a nonzero velocity vo, it will then 
pass through the equilibrium position at t = 1 second. 
How many times will each mass m, pass through the 
equilibrium position in the time interval 0 < t < 1? 


30. Damped Motion Assume that the model for the 
spring/mass system in Problem 29 is replaced by mx" + 
2x' + kx = 0. In other words, the system is free but is 
subjected to damping numerically equal to 2 times the 
instantaneous velocity. With the same initial conditions 
and spring constant as in Problem 29, investigate 
whether a mass m can be found that will pass through 
the equilibrium position at t = 1 second. 


In Problems 31 and 32 determine whether it is possible to 
find values yo and y; (Problem 31) and values of L >Q 
(Problem 32) so that the given boundary-value problem has 
(a) precisely one nontrivial solution, (b) more than one 
solution, (c) no solution, (d) the trivial solution. 


31. y" - 16y 2-0, yO) = yo. (7/2 = yı 
32. y"+ 1620, y(O)=1,y(L)=1 


33. Consider the boundary-value problem 
y'*Ay-ü, y(r) =y), y(r) = y(r). 


(a) The type of boundary conditions specified are called 
periodic boundary conditions. Give a geometric 
interpretation of these conditions. 

(b) Find the eigenvalues and eigenfunctions of the 
problem. 

(c) Use a graphing utility to graph some of the eigen- 
functions. Verify your geometric interpretation of 
the boundary conditions given in part (a). 


34. Show that the eigenvalues and eigenfunctions of the 
boundary-value problem 


y” + Ay =0, y(0)=0, yd) * y'(1—-0 
are À, = a? and y, = sin a,x, respectively, where ap, 


n = 1, 2, 3, ... are the consecutive positive roots of 
the equation tan a = —a. 


Computer Lab Assignments 


35. 


36. 


Use a CAS to plot graphs to convince yourself that the 
equation tan a = —a@ in Problem 34 has an infinite 
number of roots. Explain why the negative roots of the 
equation can be ignored. Explain why A = 0 is not an 
eigenvalue even though a = 0 is an obvious solution of 
the equation tan a = —a. 


Use a root-finding application of a CAS to approximate 
the first four eigenvalues A;, A», A3, and A4 for the BVP 
in Problem 34. 
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In Problems 37 and 38 find the eigenvalues and eigenfunc- 
tions of the given boundary-value problem. Use a CAS to 
approximate the first four eigenvalues A,, Az, As, and A4. 


37. y" c y » 0, y(0)=0, y(D-y(0-0 


38. y® — Ay = 0, yO) = 0, y'(0) = 0, y(1) = 0, y'(1) = 0 
[Hint: Consider only A = a^^, a > 0.] 


5.3 NONLINEAR MODELS 


REVIEW MATERIAL 
e Section 4.9 


called linearization. 


INTRODUCTION In this section we examine some nonlinear higher-order mathematical 
models. We are able to solve some of these models using the substitution method (leading to 
reduction of the order of the DE) introduced on page 174. In some cases in which the model 
cannot be solved, we show how a nonlinear DE can be replaced by a linear DE through a process 


NONLINEAR SPRINGS The mathematical model in (1) of Section 5.1 has the 
form 
d^x u 

m + F(x) = 0, (1) 
where F(x) = kx. Because x denotes the displacement of the mass from its equilibrium 
position, F(x) = kx is Hooke’s law — that is, the force exerted by the spring that tends 
to restore the mass to the equilibrium position. À spring acting under a linear restoring 
force F(x) — kx is naturally referred to as a linear spring. But springs are seldom per- 
fectly linear. Depending on how it is constructed and the material that is used, a spring 
can range from “mushy,” or soft, to "stiff" or hard, so its restorative force may vary 
from something below to something above that given by the linear law. In the case of 
free motion, if we assume that a nonaging spring has some nonlinear characteristics, 
then it might be reasonable to assume that the restorative force of a spring — that is, 
F(x) in (1)— is proportional to, say, the cube of the displacement x of the mass beyond 
its equilibrium position or that F(x) is a linear combination of powers of the displace- 
ment such as that given by the nonlinear function F(x) = kx + kix?. A spring whose 
mathematical model incorporates a nonlinear restorative force, such as 


d? d? 
m2 +k = 0 or m= + kx + kx? =0, (2) 


is called a nonlinear spring. In addition, we examined mathematical models in which 
damping imparted to the motion was proportional to the instantaneous velocity dx/dt 
and the restoring force of a spring was given by the linear function F(x) = kx. But these 
were simply assumptions; in more realistic situations damping could be proportional to 
some power of the instantaneous velocity dx/dt. The nonlinear differential equation 


dx 
dt 


ae, er (3) 
dt T 


d*x 
m 
dt? 


+B 
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F^ hard 


spring linear spring 


soft spring 


> 
x 


FIGURE 5.3.1 Hard and soft springs 


(b) soft spring 
FIGURE 5.3.2 Numerical solution 


curves 


is one model of a free spring/mass system in which the damping force is proportional 
to the square of the velocity. One can then envision other kinds of models: linear 
damping and nonlinear restoring force, nonlinear damping and nonlinear restoring 
force, and so on. The point is that nonlinear characteristics of a physical system lead 
to a mathematical model that is nonlinear. 

Notice in (2) that both F(x) = kx? and F(x) = kx + k,x? are odd functions of x. 
To see why a polynomial function containing only odd powers of x provides a 
reasonable model for the restoring force, let us express F as a power series centered 
at the equilibrium position x = 0: 


F(x) = co + ex tox + cux +--+ 


When the displacements x are small, the values of x” are negligible for n suffi- 
ciently large. If we truncate the power series with, say, the fourth term, then 
F(x) = co + cix + Cox? + cax?. For the force at x > 0, 


F(x) = co + cox + x + cux), 
and for the force at —x < 0, 
F(—x) = cg — ex + cx? — cxi 


to have the same magnitude but act in the opposite direction, we must have 
F(—x) = — F(x). Because this means that F is an odd function, we must have c = 0 
and c; = 0, and so F(x) = cix + c4x?. Had we used only the first two terms in the 
series, the same argument yields the linear function F(x) = cx. A restoring force with 
mixed powers, such as F(x) = cix + cox’, and the corresponding vibrations are said 
to be unsymmetrical. In the next discussion we shall write c; = k and c3 = ky. 


HARD AND SOFT SPRINGS Let us take a closer look at the equation in (1) in 
the case in which the restoring force is given by F(x) = kx + kix?, k > 0. The 
spring is said to be hard if kı > 0 and soft if kı < 0. Graphs of three types of 
restoring forces are illustrated in Figure 5.3.1. The next example illustrates 
these two special cases of the differential equation m d?x/dt? + kx + kx? = 0, 
m>0,k> 0. 


| EXAMPLE 1 Comparison of Hard and Soft Springs 


The differential equations 


d? 
qo tien (4) 
d? 

and qa reri (5) 


are special cases of the second equation in (2) and are models of a hard spring and 
a soft spring, respectively. Figure 5.3.2(a) shows two solutions of (4) and 
Figure 5.3.2(b) shows two solutions of (5) obtained from a numerical solver. The 
curves shown in red are solutions that satisfy the initial conditions x(0) — 2, 
x'(0) = —3; the two curves in blue are solutions that satisfy x(0) = 2, x'(0) = 0. 
These solution curves certainly suggest that the motion of a mass on the hard spring 
is oscillatory, whereas motion of a mass on the soft spring appears to be nonoscil- 
latory. But we must be careful about drawing conclusions based on a couple of 
numerical solution curves. A more complete picture of the nature of the solutions 
of both of these equations can be obtained from the qualitative analysis discussed 
in Chapter 10. ig 


FIGURE 5.3.3 Simple pendulum 


ov 
À 
IR 


(b) 6(0) — 5, 
8'(0) = 5 


(c) 0(0) =3, 
0'(0) = 2 


FIGURE 5.3.4 Oscillating pendulum 
in (b); whirling pendulum in (c) 
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NONLINEAR PENDULUM Any object that swings back and forth is called a 
physical pendulum. The simple pendulum is a special case of the physical pendu- 
lum and consists of a rod of length / to which a mass m is attached at one end. In 
describing the motion of a simple pendulum in a vertical plane, we make the simpli- 
fying assumptions that the mass of the rod is negligible and that no external damping 
or driving forces act on the system. The displacement angle 0 of the pendulum, 
measured from the vertical as shown in Figure 5.3.3, is considered positive when 
measured to the right of OP and negative to the left of OP. Now recall the arc s of a 
circle of radius / is related to the central angle 0 by the formula s = /0. Hence angu- 
lar acceleration is 


ds id 
dt? dt^ 
From Newton's second law we then have 
d?0 
F = ma = ml —. 
dt? 


From Figure 5.3.3 we see that the magnitude of the tangential component of the force 
due to the weight W is mg sin 0. In direction this force is —7ng sin 0 because it points 
to the left for 0 > 0 and to the right for 0 < 0. We equate the two different versions 


of the tangential force to obtain ml d?0/dt? = —mg sin 0, or 
d? 
ag *smn8- 0. (6) 


LINEARIZATION Because of the presence of sin 0, the model in (6) is non- 
linear. In an attempt to understand the behavior of the solutions of nonlinear 
higher-order differential equations, one sometimes tries to simplify the problem 
by replacing nonlinear terms by certain approximations. For example, the 
Maclaurin series for sin 0 is given by 


68 o 


sin 0 = 0 3! * si 


so if we use the approximation sin 0 ~ 0 — 0?/6, equation (6) becomes 
d?0/dt? + (g/D0 — (g/61)0? = 0. Observe that this last equation is the same 
as the second nonlinear equation in (2) with m = 1, k = g/l, and kı = —g/O6l. 
However, if we assume that the displacements 0 are small enough to justify using 
the replacement sin 0 ~ 0, then (6) becomes 

ao g 


m ten (7) 


See Problem 22 in Exercises 5.3. If we set w? = g/l, we recognize (7) as the differ- 
ential equation (2) of Section 5.1 that is a model for the free undamped vibrations of 
a linear spring/mass system. In other words, (7) is again the basic linear equation 
y" + Ay = 0 discussed on page 201 of Section 5.2. As a consequence we say that 
equation (7) is a linearization of equation (6). Because the general solution of (7) is 
O(t) = cy cos wt + c» sin ot, this linearization suggests that for initial conditions 
amenable to small oscillations the motion of the pendulum described by (6) will be 
periodic. 


l EXAMPLE 2 Two Initial-Value Problems 


The graphs in Figure 5.3.4(a) were obtained with the aid of a numerical solver and 
represent solution curves of (6) when w? = 1. The blue curve depicts the solution 
of (6) that satisfies the initial conditions 6(0) = 1, 0'(0) = 1, whereas the red 


curve is the solution of (6) that satisfies 0(0) = » 0'(0) = 2. The blue curve 
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represents a periodic solution— the pendulum oscillating back and forth as shown 
in Figure 5.3.4(b) with an apparent amplitude A = 1. The red curve shows that 0 
increases without bound as time increases — the pendulum, starting from the same 
initial displacement, is given an initial velocity of magnitude great enough to send 
it over the top; in other words, the pendulum is whirling about its pivot as shown in 
Figure 5.3.4(c). In the absence of damping, the motion in each case is continued 
indefinitely. E 


TELEPHONE WIRES The first-order differential equation dy/dx = W/T, is 
equation (17) of Section 1.3. This differential equation, established with the aid 
of Figure 1.3.7 on page 25, serves as a mathematical model for the shape of a flexi- 
ble cable suspended between two vertical supports when the cable is carrying a 
vertical load. In Section 2.2 we solved this simple DE under the assumption that 
the vertical load carried by the cables of a suspension bridge was the weight of a 
horizontal roadbed distributed evenly along the x-axis. With W = px, p the weight 
per unit length of the roadbed, the shape of each cable between the vertical supports 
turned out to be parabolic. We are now in a position to determine the shape of a uni- 
form flexible cable hanging only under its own weight, such as a wire strung between 
two telephone posts. The vertical load is now the wire itself, and so if p is the linear 
density of the wire (measured, say, in pounds per feet) and s is the length of the 
segment P,P» in Figure 1.3.7 then W = ps. Hence 


aR 


dx Ty (8) 


Since the arc length between points P, and P5 is given by 


ol tap) 
s [ 1+ (2) dx, (9) 


it follows from the fundamental theorem of calculus that the derivative of (9) is 


ds dy 2 
— = — |, 10 
ae 1+ (2) (10) 


Differentiating (8) with respect to x and using (10) lead to the second-order equation 


dy pds d'y p dyV 
——L m L= L n A 11 
de nia U ge nW Uu b) 


In the example that follows we solve (11) and show that the curve assumed by 
the suspended cable is a catenary. Before proceeding, observe that the nonlinear 
second-order differential equation (11) is one of those equations having the form 
F(x, y', y") = 0 discussed in Section 4.9. Recall that we have a chance of solving an 
equation of this type by reducing the order of the equation by means of the substitu- 


, 


tion u — y'. 


l EXAMPLE 3 An Initial-Value Problem 


From the position of the y-axis in Figure 1.3.7 it is apparent that initial conditions 
associated with the second differential equation in (11) are y(0) = a and y'(0) = 0. 


d 
If we substitute u = y', then the equation in (11) becomes a = 3 V1 + i. Sepa- 
x 1 


rating variables, we find that 


=n = zr dx gives sinh^!uy = Px + c 
VIF T T " 


FIGURE 5.3.5 Distance to rocket is 


large compared to R. 
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Now, y'(0)— O0 is equivalent to u(0)= 0. Since sinh! 020, c( =0, so 
u = sinh (px/T)). Finally, by integrating both sides of 
dy 


= anh P. NE p 
— = sinh —x, we get y = — cosh — x + c. 
dx Ti p Ti 


Using y(0)-— a, cosh0 = 1, the last equation implies that c= a — Ti/p. 
Thus we see that the shape of the hanging wire is given by 
y = (Ty/p) cosh(ox/ Tj) + a — Typ. = 


In Example 3, had we been clever enough at the start to choose a = T\/p, 
then the solution of the problem would have been simply the hyperbolic cosine 
y = (1;/p) cosh (px/T)). 


ROCKET MOTION In Section 1.3 we saw that the differential equation of a free- 
falling body of mass m near the surface of the Earth is given by 
d?s _ : d?s = 
m—, = —mg, or simply a =, 
where s represents the distance from the surface of the Earth to the object and the 
positive direction is considered to be upward. In other words, the underlying 
assumption here is that the distance s to the object is small when compared with the 
radius R of the Earth; put yet another way, the distance y from the center of the Earth 
to the object is approximately the same as R. If, on the other hand, the distance y to 
the object, such as a rocket or a space probe, is large when compared to R, then we 
combine Newton’s second law of motion and his universal law of gravitation to 
derive a differential equation in the variable y. 

Suppose a rocket is launched vertically upward from the ground as shown in 
Figure 5.3.5. If the positive direction is upward and air resistance is ignored, then the 
differential equation of motion after fuel burnout is 

2 2 
mar = — Wim or zy = ae (12) 
dt’ y dt’ y 
where k is a constant of proportionality, y is the distance from the center of the 
Earth to the rocket, M is the mass of the Earth, and m is the mass of the rocket. To 
determine the constant k, we use the fact that when y = R, kMm/R? = mg or 
k = gR?/M. Thus the last equation in (12) becomes 


er ee (13) 
See Problem 14 in Exercises 5.3. 


VARIABLE MASS Notice in the preceding discussion that we described the 
motion of the rocket after it has burned all its fuel, when presumably its mass m is 
constant. Of course, during its powered ascent the total mass of the rocket varies as 
its fuel is being expended. The second law of motion, as originally advanced by 
Newton, states that when a body of mass m moves through a force field with veloc- 
ity v, the time rate of change of the momentum rnv of the body is equal to applied or 
net force F acting on the body: 


d 
F=— . 14 
p (mv) (14) 
If m is constant, then (14) yields the more familiar form F = m dv/dt = ma, where 


a is acceleration. We use the form of Newton’s second law given in (14) in the next 
example, in which the mass m of the body is variable. 
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FIGURE 5.3.6 Chain pulled upward 
by a constant force 
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[ EXAMPLE 4 Chain Pulled Upward by a Constant Force 


A uniform 10-foot-long chain is coiled loosely on the ground. One end of the chain 
is pulled vertically upward by means of constant force of 5 pounds. The chain weighs 
1 pound per foot. Determine the height of the end above ground level at time t. See 
Figure 5.3.6. 


SOLUTION Let us suppose that x = x(f) denotes the height of the end of the chain in 
the air at time f, v — dx/dt, and the positive direction is upward. For the portion of the 
chain that is in the air at time t we have the following variable quantities: 


weight: W = (x ft) * (1 lb/ft) = x, 
mass: m = W/g = x/32, 
net force. F =5- W=5-x. 
Thus from (14) we have 
Product Rule 
A) 5s or m ev = 160 — 32x. (15) 


Because v = dx/dt, the last equation becomes 


£s x (sj + 32x = 160 16 

“ae dt x l (20) 

The nonlinear second-order differential equation (16) has the form F(x, x’, x") = 0, 

which is the second of the two forms considered in Section 4.9 that can possibly 

be solved by reduction of order. To solve (16), we revert back to (15) and use v = x' 
dv  dvdx d 


along with the Chain Rule. From ds dsdi y wx the second equation in (15) 


can be rewritten as 
d 
xv Z + y? = 160 — 32x. (17) 
dx 


On inspection (17) might appear intractable, since it cannot be characterized as any 
of the first-order equations that were solved in Chapter 2. However, by rewriting 
(17) in differential form M(x,v)dx + N(x,v)dv = 0, we observe that although the 
equation 


(v? + 32x — 160)dx + xvdv =0 (18) 


is not exact, it can be transformed into an exact equation by multiplying it by an 
integrating factor. From (M, — N,)/N = 1/x we see from (13) of Section 2.4 that 
an integrating factor is e/@* = e^» = x, When (18) is multiplied by u(x) = x, the 
resulting equation is exact (verify). By identifying df/ax = xv? + 32x? — 160x, 
af /dv = x?v and then proceeding as in Section 2.4, we obtain 

32 


1 
ae + z i — 80x7 = c. (19) 


Since we have assumed that all of the chain is on the floor initially, we have 
x(0) = 0. This last condition applied to (19) yields c, = 0. By solving the algebraic 


equation 137v? + 2x3 — 80x? = 0 for v = dx/dt > 0, we get another first-order 


differential equation, 
dx 64 
— = ,/160 — —x. 
di \ : 


8 e 
7 - 
6 2 
5 4 
4 

3 

2 4 
1 - 

L 1 Lt 
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FIGURE 5.3.7 Graph of (21) for 
x(t) z 0 
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The last equation can be solved by separation of variables. You should verify that 


3 64 y^? 
sí 60 3 x) C2 (20) 


J This time the initial condition x(0) = 0 implies that c; = —3V10/8. Finally, by 
4 squaring both sides of (20) and solving for x, we arrive at the desired result, 


x(t) = = 2i Q1) 


AV 2, 
2 


15 


The graph of (21) given in Figure 5.3.7 should not, on physical grounds, be taken at 
face value. See Problem 15 in Exercises 5.3. ig 


|. | EXERCISES 5.3 


Answers to selected odd-numbered problems begin on page ANS-8. 


To the Instructor In addition to Problems 24 and 25, all 
or portions of Problems 1—6, 8—13, 15, 20, and 21 could 
serve as Computer Lab Assignments. 


Nonlinear Springs 


In Problems 1—4, the given differential equation is model of 
an undamped spring/mass system in which the restoring force 
F(x) in (1) is nonlinear. For each equation use a numerical 
solver to plot the solution curves that satisfy the given initial 
conditions. If the solutions appear to be periodic use the solu- 
tion curve to estimate the period T of oscillations. 


x(0) = 1,x'(0) = 1; x(0) = 5, x'(0) = -1 


d?; 
2; : + 4x 
dt 


x(0) = 1, x'(0) = 1; x(0 = —2,x' (0 = 2 


16x° = 0, 


d?x 
3. gz tx TŻ = 9, 
x(0) = 1,x'(0) = 1; x(0) = 3, x'(0) = —1 
2 
4. a3 + xe = 0 
dt 


x(0) = 1,x'(0) = 1; x(0) = 3, x’(0) = -1 


5. In Problem 3, suppose the mass is released from 
the initial position x(0) = 1 with an initial velocity 
x'(0) = xı. Use a numerical solver to estimate the 
smallest value of |x,| at which the motion of the mass 
is nonperiodic. 


6. In Problem 3, suppose the mass is released from an initial 
position x(0) — xo with the initial velocity x'(0) — 1. Use 
a numerical solver to estimate an interval a 5 xo = b for 
which the motion is oscillatory. 


7. Find a linearization of the differential equation in 
Problem 4. 


8. Consider the model of an undamped nonlinear 
spring/mass system given by x" + 8x — 6x? + x5 = 0. 
Use a numerical solver to discuss the nature of the 
oscillations of the system corresponding to the initial 
conditions: 


x(0) = 1,20) = 1; — x09)--2x0) = 5 


x0) = V2,x'0) = 1; x0) 72,00 = 5 


x(0) = 2,x'(0)=0; = x(0) = — V2, x'(0) = -1. 
In Problems 9 and 10 the given differential equation is a 
model of a damped nonlinear spring/mass system. Predict 
the behavior of each system as t — ©. For each equation use 
a numerical solver to obtain the solution curves satisfying 
the given initial conditions. 


x(0) = —3, x'(0) = 4; x(0) = 0, x'(0) = —8 


2 
ü 
i. bo ae 
d? dt 


x(0) = 0, x’(0) = 3; x(0) = -1,x'(0) = 1 


x =0, 


11. The model mx" +kx+kx°=Focoswt of an 
undamped periodically driven spring/mass system is 
called Duffing’s differential equation. Consider the 
initial-value problem x" + x + kx? = 5 cos t, x(0) = 1, 
x'(0) — 0. Use a numerical solver to investigate the 
behavior of the system for values of kı > 0 ranging from 
kı = 0.01 to kı = 100. State your conclusions. 


12. (a) Find values of kı < 0 for which the system in 
Problem 11 is oscillatory. 


(b) Consider the initial-value problem 
x"+x+kx?=cosit, x(0)=0, x'(0)— 0. 


Find values for kı < O for which the system is 
oscillatory. 
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Nonlinear Pendulum 
13. Consider the model of the free damped nonlinear pen- 
dulum given by 
d?^0 
d? 


dé 
+2rA— + o?sin6 = 0. 
dt 


Use a numerical solver to investigate whether the motion 
in the two cases A? — w? > 0 and A? — o»? < 0 corre- 
sponds, respectively, to the overdamped and under- 
damped cases discussed in Section 5.1 for spring/mass 
systems. Choose appropriate initial conditions and val- 
ues of A and c. 


Rocket Motion 


14. (a) Use the substitution v = dy/dt to solve (13) for v in 
terms of y. Assuming that the velocity of the rocket 
at burnout is v = vo and y = R at that instant, show 
that the approximate value of the constant c of 
integration is c = —gR + 3vy. 

(b) Use the solution for v in part (a) to show that the 
escape velocity of the rocket is given by vy) = V2gR. 
[Hint: Take y — œ% and assume v > 0 for all time ¢.] 


(c) The result in part (b) holds for any body in the solar 
system. Use the values g = 32 ft/s* and R = 4000 mi 
to show that the escape velocity from the Earth is 
(approximately) vo = 25,000 mi/h. 


(d) Find the escape velocity from the Moon if the 
acceleration of gravity is 0.165g and R = 1080 mi. 


Variable Mass 


15. (a) In Example 4, how much of the chain would you 
intuitively expect the constant 5-pound force to be 
able to lift? 


(b) What is the initial velocity of the chain? 


(c) Why is the time interval corresponding to x(t) = 0 
given in Figure 5.3.7 not the interval / of definition of 
the solution (21)? Determine the interval 7. How 
much chain is actually lifted? Explain any difference 
between this answer and your prediction in part (a). 


(d) Why would you expect x(t) to be a periodic solution? 


16. A uniform chain of length L, measured in feet, is held 
vertically so that the lower end just touches the floor. 
The chain weighs 2 lb/ft. The upper end that is held is 
released from rest at t = 0 and the chain falls straight 
down. If x(t) denotes the length of the chain on the floor 
at time f, air resistance is ignored, and the positive direc- 
tion is taken to be downward, then 


d?x (5) 
(L — x) — Lg. 


(a) Solve for v in terms of x. Solve for x in terms of t. 
Express v in terms of t. 
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(b) Determine how long it takes for the chain to fall 
completely to the ground. 


(c) What velocity does the model in part (a) predict for 
the upper end of the chain as it hits the ground? 


Miscellaneous Mathematical Models 


17. Pursuit Curve Inanavalexercise a ship $; is pursued by 
a submarine Sz as shown in Figure 5.3.8. Ship Sı departs 
point (0, 0) at ż = O and proceeds along a straight-line 
course (the y-axis) at a constant speed vı. The submarine 
S keeps ship S; in visual contact, indicated by the straight 
dashed line L in the figure, while traveling at a constant 
speed v» along a curve C. Assume that ship S» starts at the 
point (a, 0), a > 0, at t = 0 and that L is tangent to C. 

(a) Determine a mathematical model that describes the 
curve C. 

(b) Find an explicit solution of the differential equation. 
For convenience define r = v/v». 

(c) Determine whether the paths of Sı and S5 will ever 
intersect by considering the cases r > 1, r < 1, and 


r-— ]. 
. dt dtds . 
[Hint: — — — —, where s is arc length measured 
dx | dsdx 
along C.] 
y 
C 
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FIGURE 5.3.8 Pursuit curve in Problem 17 


18. Pursuit Curve In another naval exercise a destroyer 
Sı pursues a submerged submarine S2. Suppose that S; 
at (9, 0) on the x-axis detects S» at (0, 0) and that S2 
simultaneously detects S;. The captain of the destroyer 
Sı assumes that the submarine will take immediate eva- 
sive action and conjectures that its likely new course is 
the straight line indicated in Figure 5.3.9. When Sj is at 
(3, 0), it changes from its straight-line course toward the 
origin to a pursuit curve C. Assume that the speed of 
the destroyer is, at all times, a constant 30 mi/h and 
that the submarine’s speed is a constant 15 mi/h. 

(a) Explain why the captain waits until Sı reaches (3, 0) 
before ordering a course change to C. 

(b) Using polar coordinates, find an equation r = f(0) 
for the curve C. 

(c) Let T denote the time, measured from the initial 
detection, at which the destroyer intercepts the sub- 
marine. Find an upper bound for T. 


(3, 0) (9, 0)* 


FIGURE 5.3.9 Pursuit curve in Problem 18 


Discussion Problems 


19. Discuss why the damping term in equation (3) is 
written as 

dx 

dt 


dx . dx\? 
— insteadof B\|—]}. 
dt dt 


20. (a) Experiment with a calculator to find an interval 
0 = 00, where 0 is measured in radians, for 
which you think sin 0 ~ 0 is a fairly good estimate. 
Then use a graphing utility to plot the graphs of 
y = x and y = sin x on the same coordinate axes 
for 0 xz m /2. Do the graphs confirm your 
observations with the calculator? 


(b) Use a numerical solver to plot the solution curves of 
the initial-value problems 


do i 
qu t sind =0, 00) =% 0'0)—0 
a0 

and —;- 0-0, 00) = 4, 60) = 0 


for several values of 0$ in the interval 0 = 0 < 0, 
found in part (a). Then plot solution curves of the 
initial-value problems for several values of 69 for 
which 09 > 01. 


21. (a) Consider the nonlinear pendulum whose oscillations 
are defined by (6). Use a numerical solver as an aid to 
determine whether a pendulum of length / will oscil- 
late faster on the Earth or on the Moon. Use the same 
initial conditions, but choose these initial conditions 
so that the pendulum oscillates back and forth. 

(b) For which location in part (a) does the pendulum 
have greater amplitude? 

(c) Are the conclusions in parts (a) and (b) the same 
when the linear model (7) is used? 


Computer Lab Assignments 


22. Consider the initial-value problem 
2 


26 
E 4 m=O; 00) = Z, 


"CIE 
dt iy 90--4 


for a nonlinear pendulum. Since we cannot solve the 
differential equation, we can find no explicit solution of 


23. 
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this problem. But suppose we wish to determine the first 
time ft, > 0 for which the pendulum in Figure 5.3.3, 
starting from its initial position to the right, reaches the 
position OP — that is, the first positive root of 0 (t) = 0. 
In this problem and the next we examine several ways to 
proceed. 


(a) Approximate ft; by solving the linear problem 
d?^0/dt? + 0 = 0,0(0) = 7/12, 8'(0) = —3. 

(b) Use the method illustrated in Example 3 of Section 
4.9 to find the first four nonzero terms of a Taylor 
series solution 0(f) centered at 0 for the nonlinear 
initial-value problem. Give the exact values of all 
coefficients. 

(c) Use the first two terms of the Taylor series in 
part (b) to approximate t. 

(d) Use the first three terms of the Taylor series in 
part (b) to approximate f,. 

(e) Use a root-finding application of a CAS (or a 
graphic calculator) and the first four terms of the 
Taylor series in part (b) to approximate t4. 


(f 


— 


In this part of the problem you are led through 
the commands in Mathematica that enable you to 
approximate the root tı. The procedure is easily 
modified so that any root of 0(f)-— 0 can be 
approximated. (/f you do not have Mathematica, 
adapt the given procedure by finding the corre- 
sponding syntax for the CAS you have on hand.) 
Precisely reproduce and then, in turn, execute each 
line in the given sequence of commands. 


sol = NDSolve[[y"[t] + Sin[y[t]] == 0, 


y[0] == Pi/12, y'[0] == —1/3}, 
y, {t, 0, 5}]//Flatten 

solution = y[t]/.sol 

Clear[y] 

y[t ]: = Evaluate[solution] 

yit] 


gr1 = Plot[y[t], (t, 0, 5}] 
root = FindRoot[ y[t] == 0, (t, 1}] 


(g) Appropriately modify the syntax in part (f) and find 
the next two positive roots of 0(t) = 0. 


Consider a pendulum that is released from rest from an 
initial displacement of 0, radians. Solving the linear 
model (7) subject to the initial conditions 0(0) = 06, 
0'(0) =0 gives 6(r) = cos Vg/lt. The period of 
oscillations predicted by this model is given by the 
familiar formula T = 2 / V'g/l = 2 V l/g. The inter- 
esting thing about this formula for T is that it does not 
depend on the magnitude of the initial displacement 09. 
In other words, the linear model predicts that the time it 
would take the pendulum to swing from an initial dis- 
placement of, say, 09 = ar /2 (= 90°) to —7 /2 and back 
again would be exactly the same as the time it would take 
to cycle from, say, 09 = 77/360 (= 0.5?) to —7/360. 
This is intuitively unreasonable; the actual period must 
depend on 06. 
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If we assume that g = 32 ft/s? and / = 32 ft, then 
the period of oscillation of the linear model is T = 277 s. 
Let us compare this last number with the period 
predicted by the nonlinear model when 69 = 7 /4. Using 
a numerical solver that is capable of generating hard 
data, approximate the solution of 


2 


d 
AR 


T $ = 
JP 0(0) = T 0'(0)=0 


on the interval 0 = t < 2. As in Problem 22, if t; denotes 
the first time the pendulum reaches the position OP in 
Figure 5.3.3, then the period of the nonlinear pendulum is 
4t,. Here is another way of solving the equation 0 (f) = 0. 
Experiment with small step sizes and advance the time, 
starting at t = 0 and ending at t = 2. From your hard data 
observe the time t, when 0(ft) changes, for the first time, 
from positive to negative. Use the value t; to determine 
the true value of the period of the nonlinear pendulum. 
Compute the percentage relative error in the period esti- 
mated by T = 27. 


Contributed Problem 


24. 


Warren S. Wright 
Professor 
Mathematics Department 


The Ballistic Pendulum Loyola Marymount University 


Historically, to maintain 
quality control over muni- 
tions (bullets) produced by an assembly line, the manu- 
facturer would use a ballistic pendulum to determine 
the muzzle velocity of a gun, that is, the speed of a 
bullet as it leaves the barrel. The ballistic pendulum 
(invented in 1742) is simply a plane pendulum consist- 
ing of a rod of negligible mass to which a block of wood 
of mass m, is attached. The system is set in motion by 
the impact of a bullet that is moving horizontally at the 
unknown velocity vj; at the time of the impact, which 
we take as t = 0, the combined mass is m,, + mp, where 
mp is the mass of the bullet imbedded in the wood. In (7) 
we saw that in the case of small oscillations, the angular 
displacement O(t) of a plane pendulum shown in 
Figure 5.3.3 is given by the linear DE 6” + (g/1)0 = 0, 
where 0 > 0 corresponds to motion to the right of 
vertical. The velocity v, can be found by measuring the 
height h of the mass mẹ, + m, at the maximum displace- 
ment angle Omax shown in Figure 5.3.10. 


Intuitively, the horizontal velocity V of the com- 
bined mass (wood plus bullet) after impact is only a 
fraction of the velocity v; of the bullet, that is, 


m, 
V = =a. = Vp. 
m, + m, 


Now, recall that a distance s traveled by a particle mov- 
ing along a circular path is related to the radius / and 
central angle 0 by the formula s — /0. By differentiating 
the last formula with respect to time f, it follows that 
the angular velocity w of the mass and its linear velocity v 
are related by v = lw. Thus the initial angular velocity 
wọ at the time ¢ at which the bullet impacts the wood 
block is related to V by V = Iwo or 


( m ) Vp 
Wo = Fea 2 EN E 
m, + m,/ l 
(a) Solve the initial-value problem 


d?0 
dt? 


" "n =0, 6(0 20, 0'0) = o. 


(b) Use the result from part (a) to show that 


Vp = (m Vie bna 
Mp 

(c) Use Figure 5.3.10 to express cos 054, in terms of l 

and h. Then use the first two terms of the Maclaurin 

series for cos 0 to express Omax in terms of / and h. 

Finally, show that v, is given (approximately) by 


jb 
Vy = (+m), / 2gh. 


Mp 


(d) Use the result in part (c) to find v; when mp = 5 g, 
m, = 1 kg, and ^ = 6 cm. 


init 


FIGURE 5.3.10 Ballistic pendulum 
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Answers to selected odd-numbered problems begin on page ANS-8. 


Answer Problems 1—8 without referring back to the text. Fill 
in the blank or answer true/false. 


1. 


If a mass weighing 10 pounds stretches a spring 
2.5 feet, a mass weighing 32 pounds will stretch it 
feet. 


3. 


. The period of simple harmonic motion of mass weigh- 


ing 8 pounds attached to a spring whose constant is 
6.25 Ib/ft is seconds. 


The differential equation of a spring/mass system is 
x" + 16x = 0. If the mass is initially released from a 


point | meter above the equilibrium position with a 
downward velocity of 3 m/s, the amplitude of vibra- 
tions is meters. 


. Pure resonance cannot take place in the presence of a 


damping force. 


. In the presence of a damping force, the displacements 


of a mass on a spring will always approach zero as 
[7 oo, 


. A mass on a spring whose motion is critically damped 


can possibly pass through the equilibrium position 
twice. 


. At critical damping any increase in damping will result 


in an system. 

If simple harmonic motion is described by 
x= (V5/2) sin(2t + $), the phase angle @ is —____ 
when the initial conditions are x(0) — -i and x'(0) = 1. 


In Problems 9 and 10 the eigenvalues and eigenfunc- 
tions of the boundary-value problem y" + Ay = 0, y'(0) = 0, 
y'(a) = 0 are An =n’, n=0, 1, 2,..., and y = cos nx, 
respectively. Fill in the blanks. 


9. 


10. 


11. 


12. 


13. 


A solution of the BVP when A = 8 is y = 

because 

A solution of the BVP when A = 36is y = 

because 

A free undamped spring/mass system oscillates with a 


period of 3 seconds. When 8 pounds are removed from 
the spring, the system has a period of 2 seconds. What 
was the weight of the original mass on the spring? 


A mass weighing 12 pounds stretches a spring 2 feet. The 
mass is initially released from a point 1 foot below the 
equilibrium position with an upward velocity of 4 ft/s. 


(a) Find the equation of motion. 


(b) What are the amplitude, period, and frequency of 
the simple harmonic motion? 


(c) At what times does the mass return to the point 
1 foot below the equilibrium position? 


(d) At what times does the mass pass through the 
equilibrium position moving upward? Moving 
downward? 

(e) What is the velocity of the mass at t = 37/16 s? 


(f) At what times is the velocity zero? 


A force of 2 pounds stretches a spring | foot. With one 
end held fixed, a mass weighing 8 pounds is attached 
to the other end. The system lies on a table that imparts 
a frictional force numerically equal to 3 times the 
instantaneous velocity. Initially, the mass is displaced 
4 inches above the equilibrium position and released 
from rest. Find the equation of motion if the motion 
takes place along a horizontal straight line that is taken 
as the x-axis. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 
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A mass weighing 32 pounds stretches a spring 6 inches. 
The mass moves through a medium offering a damping 
force that is numerically equal to B times the instanta- 
neous velocity. Determine the values of B > 0 for which 
the spring/mass system will exhibit oscillatory motion. 


A spring with constant k = 2 is suspended in a liquid 
that offers a damping force numerically equal to 4 times 
the instantaneous velocity. If a mass m is suspended from 
the spring, determine the values of m for which the sub- 
sequent free motion is nonoscillatory. 


The vertical motion of a mass attached to a spring 
is described by the IVP įx"+x +x= 0, 
x(0) = 4, x'(0) = 2. Determine the maximum vertical 
displacement of the mass. 


A mass weighing 4 pounds stretches a spring 18 inches. 
A periodic force equal to f(t) = cos yt + sin yt is 
impressed on the system starting at t — O. In the absence 
of a damping force, for what value of y will the system 
be in a state of pure resonance? 


Find a particular solution for x" + 2Ax' + w?x = A, 
where A is a constant force. 


A mass weighing 4 pounds is suspended from a spring 
whose constant is 3 Ib/ft. The entire system is immersed 
in a fluid offering a damping force numerically equal 
to the instantaneous velocity. Beginning at t = 0, an 
external force equal to f(t) = e ! is impressed on the 
system. Determine the equation of motion if the mass is 
initially released from rest at a point 2 feet below the 
equilibrium position. 


(a) Two springs are attached in series as shown in 
Figure 5.R.1. If the mass of each spring is ignored, 
show that the effective spring constant k of the 
system is defined by 1/k = 1/k;  1/k». 

(b) A mass weighing W pounds stretches a spring 
i foot and stretches a different spring i foot. The two 
springs are attached, and the mass is then attached to 
the double spring as shown in Figure 5.R.1. Assume 
that the motion is free and that there is no damping 
force present. Determine the equation of motion if 
the mass is initially released at a point 1 foot below 
the equilibrium position with a downward velocity of 
$ ft/s. 


(c) Show that the maximum speed of the mass is 
A V3g + 1. 


FIGURE 5.R.1 Attached springs in Problem 20 
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22. 


23. 


24. 
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A series circuit contains an inductance of L = 1h, a 
capacitance of C = 1074 f, and an electromotive force 
of E(t) = 100 sin 50r V. Initially, the charge q and 
current i are zero. 

(a) Determine the charge q(t). 

(b) Determine the current i(f). 


(c) Find the times for which the charge on the capacitor 
is Zero. 


(a) Show that the current i(t) in an LRC series circuit 


d?i di 
+R—+ 
dt’ dt 


denotes the derivative of E(t). 


1 
satisfies L c! = E'(t), where E(t) 


(b) Two initial conditions i(0) and i'(0) can be specified 
for the DE in part (a). If i(0) = ip and q(0) = qo, 
what is i'(0)? 


Consider the boundary-value problem 
y'(0) = y'r). 


Show that except for the case A = 0, there are two 
independent eigenfunctions corresponding to each 
eigenvalue. 


y” + Ay =0, y(0) = ym), 


A bead is constrained to slide along a frictionless rod of 
length L. The rod is rotating in a vertical plane with a 
constant angular velocity w about a pivot P fixed at the 
midpoint of the rod, but the design of the pivot allows 
the bead to move along the entire length of the rod. Let 
r(t) denote the position of the bead relative to this rotat- 
ing coordinate system as shown in Figure 5.R.2. To 
apply Newton’s second law of motion to this rotating 
frame of reference, it is necessary to use the fact that the 
net force acting on the bead is the sum of the real forces 
(in this case, the force due to gravity) and the inertial 
forces (coriolis, transverse, and centrifugal). The math- 
ematics is a little complicated, so we just give the result- 
ing differential equation for r: 


d?r " . 
m-—. = mo'r — mg sin at. 
dt^ 

(a) Solve the foregoing DE subject to the initial 
conditions r(0) = ro, r'(0) = vo. 

(b) Determine the initial conditions for which the bead 
exhibits simple harmonic motion. What is the min- 
imum length L of the rod for which it can accom- 
modate simple harmonic motion of the bead? 


(c) For initial conditions other than those obtained in 
part (b), the bead must eventually fly off the rod. 
Explain using the solution r(t) in part (a). 

(d) Suppose w = 1 rad/s. Use a graphing utility to 
graph the solution r(f) for the initial conditions 
r(0) = 0, r'(0) = vo, where vo is 0, 10, 15, 16, 16.1, 
and 17. 


25. 


26. 


(e) Suppose the length of the rod is L = 40 ft. For each 
pair of initial conditions in part (d), use a root- 
finding application to find the total time that the 
bead stays on the rod. 


FIGURE 5.R.2 Rotating rod in Problem 24 


Suppose a mass m lying on a flat, dry, frictionless sur- 
face is attached to the free end of a spring whose con- 
stant is k. In Figure 5.R.3(a) the mass is shown at the 
equilibrium position x = 0, that is, the spring is neither 
stretched nor compressed. As shown in Figure 5.R.3(b), 
the displacement x(t) of the mass to the right of the equi- 
librium position is positive and negative to the left. 
Derive a differential equation for the free horizontal 
(sliding) motion of the mass. Discuss the difference 
between the derivation of this DE and the analysis lead- 
ing to (1) of Section 5.1. 


rigid 
support 


frictionless surface 


0 


j 

l 

| 

x= 

(a) equilibrium | 
| 
| 
| 
| 
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4 x(t) « 0 
(b) motion 


x(t) > 0—— 


FIGURE 5.R.3 Sliding spring/mass system in Problem 25 


What is the differential equation. of motion in 
Problem 25 if kinetic friction (but no other damping 
forces) acts on the sliding mass? [Hint: Assume that the 
magnitude of the force of kinetic friction is fg = umg, 
where mg is the weight of the mass and the constant 
u > 0 is the coefficient of kinetic friction. Then con- 
sider two cases, x’ > 0 and x’ < 0. Interpret these cases 
physically. ] 


SERIES SOLUTIONS OF LINEAR 


EQUATIONS 


6.1 Solutions About Ordinary Points 
6.1.1 Review of Power Series 
6.1.2 Power Series Solutions 

6.2 Solutions About Singular Points 

6.3 Special Functions 
6.3.1 Bessel’s Equation 
6.3.2 Legendre's Equation 

CHAPTER 6 IN REVIEW 


Up to now we have primarily solved linear differential equations of order two or 
higher when the equation had constant coefficients. The only exception was the 
Cauchy-Euler equation studied in Section 4.7. In applications, higher-order linear 
equations with variable coefficients are just as important as, if not more important 
than, differential equations with constant coefficients. As pointed out in Section 4.7, 
even a simple linear second-order equation with variable coefficients such as 
y" + xy = 0 does not possess solutions that are elementary functions. But we can 
find two linearly independent solutions of y" + xy = 0; we shall see in Sections 6.1 
and 6.3 that the solutions of this equation are defined by infinite series. 

In this chapter we shall study two infinite-series methods for finding solutions 
of homogeneous linear second-order DEs a2(x)y" + ay(x)y’ + do (x)y = 0 where 
the variable coefficients a»(x), aı(x), and ag(x) are, for the most part, simple 


polynomials. 
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SOLUTIONS ABOUT ORDINARY POINTS 


- 


REVIEW MATERIAL 


* Power Series (see any Calculus Text) 


INTRODUCTION In Section 4.3 we saw that solving a homogeneous linear DE with constant 
coefficients was essentially a problem in algebra. By finding the roots of the auxiliary equation, 
we could write a general solution of the DE as a linear combination of the elementary functions 
x*, x e**, x*e** cos Bx, and xte®sin Bx, where k is a nonnegative integer. But as was pointed out 
in the introduction to Section 4.7, most linear higher-order DEs with variable coefficients cannot 
be solved in terms of elementary functions. A usual course of action for equations of this sort is 
to assume a solution in the form of infinite series and proceed in a manner similar to the method 
of undetermined coefficients (Section 4.4). In this section we consider linear second-order DEs 
with variable coefficients that possess solutions in the form of power series. 

We begin with a brief review of some of the important facts about power series. For a more 
comprehensive treatment of the subject you should consult a calculus text. 


6.1.1 REVIEW OF POWER SERIES 


Recall from calculus that a power series in x — a is an infinite series of the form 


oo 


NM cx — a)" = co + c(x — a) + cx- a} +- 
n=0 


Such a series is also said to be a power series centered at a. For example, the power 
series 25.9 (x + 1)" is centered at a = —1. In this section we are concerned 
mainly with power series in x, in other words, power series such as 

2-12" ly? = x + 2x? + 4x7 + ++ that are centered at a = 0. The following list 


n=1 


summarizes some important facts about power series. 


e Convergence A power series £o c,(x — a)" is convergent at a 


specified value of x if its sequence of partial sums (Sy(x)] converges—that is, 


lim Sy(x) = lim Zl, c,(x — a)" exists. If the limit does not exist at x, 
No N^ 


then the series is said to be divergent. 


* Interval of Convergence Every power series has an interval of convergence. 
The interval of convergence is the set of all real numbers x for which the series 


converges. 


* Radius of Convergence Every power series has a radius of convergence R. 
If R > 0, then the power series }7"_9 c,(x — a)" converges for |x — a| < R 


and diverges for |x — a| > R. If the series converges only at its center a, 


then R = 0. If the series converges for all x, then we write R = ~. Recall that 
the absolute-value inequality |x — a| < R is equivalent to the simultaneous 
inequality a — R < x < a + R. A power series might or might not converge 


absolute at the endpoints a — Randa + R of this interval. 
divergence convergence divergence — * Absolute Convergence Within its interval of convergence a power series 
LIS € IER x converges absolutely. In other words, if x is a number in the interval of 
4 4 convergence and is not an endpoint of the interval, then the series of 
— series may— absolute values X7 9| c,(x — a)"| converges. See Figure 6.1.1. 


converge or diverge 
at endpoints 


ratio test. Suppose that c, # O for all n and that 


FIGURE 6.1.1 Absolute convergence 


within the interval of convergence and li 
divergence outside of this interval dd 


Cyt (x = gr 


ic ay = |x — a| lim 
n 


e Ratio Test Convergence of a power series can often be determined by the 


e“sin x = (1 
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If L < 1, the series converges absolutely; if L > 1, the series diverges; 
and if L = 1, the test is inconclusive. For example, for the power series 
Èz-=1(x — 3)"/2"n the ratio test gives 


(x = gjon 
artt de T 
Wn | eel dur ip ae 
n>»| (x — 3) n= 2(n* 1) 2 
2"n 


the series converges absolutely for }|x — 3| < 1 or|x — 3| < 2 or 

] € x < 5. This last inequality defines the open interval of convergence. 
The series diverges for |x — 3| > 2, that is, for x > 5 or x < 1. At the left 
endpoint x — 1 of the open interval of convergence, the series of constants 
2957.1 (7 1)"/n) is convergent by the alternating series test. At the right 
endpoint x = 5, the series >,” , (1/n) is the divergent harmonic series. The 
interval of convergence of the series is [1, 5), and the radius of convergence 
is R — 2. 

A Power Series Defines a Function A power series defines a function 
fo) = X5.oc,(x — a)" whose domain is the interval of convergence of 
the series. If the radius of convergence is R > 0, then fis continuous, differ- 
entiable, and integrable on the interval (a — R, a + R). Moreover, f'(x) 

and f. f(x)dx can be found by term-by-term differentiation and integration. 
Convergence at an endpoint may be either lost by differentiation or 

gained through integration. If y = 27. c,x" is a power series in x, then 

the first two derivatives are y' = Ez nx"! and y" = Èf o n(n — 1)x" ?. 
Notice that the first term in the first derivative and the first two terms in the 
second derivative are zero. We omit these zero terms and write 


y= Seat and y" = Me,n(n — 1)x"-?. (1) 
n=1 n=2 

These results are important and will be used shortly. 
Identity Property If 27 ;c,(x — a)" = 0, R > 0 for all numbers x in the 
interval of convergence, then c, = 0 for all n. 
Analytic at a Point A function fis analytic at a point a if it can be 
represented by a power series in x — a with a positive or infinite radius 
of convergence. In calculus it is seen that functions such as e*, cos x, sin x, 
In(1 — x), and so on can be represented by Taylor series. Recall, for 
example, that 


x x x xt x$ 


sna —X— cle x cosx = | + Tee (2) 
31 5l ! 


for |x| < œ. These Taylor series centered at 0, called Maclaurin series, 
show that e", sin x, and cos x are analytic at x = 0. 

Arithmetic of Power Series Power series can be combined through the 
operations of addition, multiplication, and division. The procedures for 
power series are similar to those by which two polynomials are added, 
multiplied, and divided — that is, we add coefficients of like powers of x, 
use the distributive law and collect like terms, and perform long division. 
For example, using the series in (2), we have 


x x X )( x x x! 
tet o+otote-- dix Lee 
2 6 24 6 120 5040 


T 


ax «ax «(2e + ( eie (2 Lex) 


2 6 6 
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Since the power series for e” and sin x converge for |x| < o, the product 
series converges on the same interval. Problems involving multipli- 
cation or division of power series can be done with minimal fuss by using a 
CAS. 


SHIFTING THE SUMMATION INDEX For the remainder of this section, as well 
as this chapter, it is important that you become adept at simplifying the sum of two 
or more power series, each expressed in summation (sigma) notation, to an 
expression with a single È. As the next example illustrates, combining two or more 
summations as a single summation often requires a reindexing — that is, a shift in the 
index of summation. 


l EXAMPLE 1 Adding Two Power Series 


Write =*_, n(n — l)c,x" ? + Ez o c,xX”*! as a single power series whose general 


term involves x^. 


SOLUTION To add the two series, it is necessary that both summation indices start 
with the same number and that the powers of x in each series be “in phase"; that is, if 
one series starts with a multiple of, say, x to the first power, then we want the other 
series to start with the same power. Note that in the given problem the first series 
starts with x?, whereas the second series starts with x!. By writing the first term of the 
first series outside the summation notation, 


series starts series starts 

with x with x 

a= 9) enm 
[re] oo 


[r2] oo 
5 n(n — 1)c,x”"? + 5 c,x"*! = 2+ lex? + Y n(n — l)o,x"? + ` ca, 
n=2 n=0 n=3 n=0 


we see that both series on the right-hand side start with the same power of x — namely, 
x!. Now to get the same summation index, we are inspired by the exponents of x; we let 
k =n — 2 in the first series and at the same time let k = n + 1 in the second series. The 
right-hand side becomes 


same 
2c, + Y (K+ Wk + Detox + Y c, ax*. (3) 
k=l k=1 
ji same 1 


Remember that the summation index is a “dummy” variable; the fact that k = n — 1 
in one case and k — n + 1 in the other should cause no confusion if you keep in 
mind that it is the value of the summation index that is important. In both cases 
k takes on the same successive values k = 1, 2, 3,... when n takes on the values 
n-—-2,3,4,...fork-n-—landn-0,1,2,...fork ^ n + 1. We are now ina 
position to add the series in (3) term by term: 


oo 


YXnn-De x? + Nox! = 20+ Sk + 2k Deus cual (4) m 


n-2 n=0 k=1 


If you are not convinced of the result in (4), then write out a few terms on both 
sides of the equality. 
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6.1.2 POWER SERIES SOLUTIONS 


A DEFINITION Suppose the linear second-order differential equation 
a(x)y" + ay(x)y! + a)y = 0 (5) 
is put into standard form 
y" + P(x)y' + QG)y = 0 (6) 
by dividing by the leading coefficient a2(x). We have the following definition. 


DEFINITION 6.1.1 Ordinary and Singular Points 


A point xo is said to be an ordinary point of the differential equation (5) if 
both P(x) and Q(x) in the standard form (6) are analytic at xo. A point that is 
not an ordinary point is said to be a singular point of the equation. 


Every finite value of x is an ordinary point of the differential equation 
y" + (e*)y' + (sin x)y = 0. In particular, x = 0 is an ordinary point because, as we 
have already seen in (2), both e* and sin x are analytic at this point. The negation in the 
second sentence of Definition 6.1.1 stipulates that if at least one of the functions P(x) 
and Q(x) in (6) fails to be analytic at xo, then xo is a singular point. Note that x = Oisa 
singular point of the differential equation y" + (e*)y' + (In x)y = 0 because Q(x) = Inx 
is discontinuous at x = 0 and so cannot be represented by a power series in x. 


POLYNOMIAL COEFFICIENTS We shall be interested primarily in the case when 
(5) has polynomial coefficients. A polynomial is analytic at any value x, and a ratio- 
nal function is analytic except at points where its denominator is zero. Thus if a2(x), 
a(x), and ao(x) are polynomials with no common factors, then both rational functions 
P(x) = ai(x)/a»(x) and Q(x) = ao(x) /a2(x) are analytic except where a2(x) = O. It 
follows, then, that: 


x = xo is an ordinary point of (5) if a2(xo) # 0 whereas x = xo is a singular point 
of (5) if a2(xo) = 0. 


For example, the only singular points of the equation (x? — 1)y" + 2xy' + 6y = Oare 
solutions of x? — 1 = 0 or x = +1. All other finite values* of x are ordinary points. 
Inspection of the Cauchy-Euler equation ax?y" + bxy’ + cy = 0 shows that it has 
a singular point at x = 0. Singular points need not be real numbers. The equation 
(x? + Dy" + xy’ — y = Ohas singular points at the solutions of x? + 1 = 0— namely, 
x = ti. All other values of x, real or complex, are ordinary points. 

We state the following theorem about the existence of power series solutions 
without proof. 


THEOREM 6.1.1 Existence of Power Series Solutions 


If x — xois an ordinary point of the differential equation (5), we can always find 
two linearly independent solutions in the form of a power series centered at xo, 
that is, y = Z;.9 c,(x — x9)". A series solution converges at least on some 
interval defined by |x — x)| < R, where R is the distance from x to the closest 
singular point. 


“For our purposes, ordinary points and singular points will always be finite points. It is possible for an 
ODE to have, say, a singular point at infinity. 
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A solution of the form y = Z7. 9 c,(x — x)" is said to be a solution about the 
ordinary point xo. The distance R in Theorem 6.1.1 is the minimum value or the 
lower bound for the radius of convergence of series solutions of the differential equa- 
tion about xo. 

In the next example we use the fact that in the complex plane the distance 
between two complex numbers a + bi and c + di is just the distance between the two 
points (a, b) and (c, d). 


| EXAMPLE 2 Lower Bound for Radius of Convergence 


The complex numbers 1 — 2i are singular points of the differential equation 
(x? — 2x + 5)y" + xy’ — y = 0. Because x = 0 is an ordinary point of the equation, 
Theorem 6.1.1 guarantees that we can find two power series solutions about 0, that is, 
solutions that look like y = 27.6 c,x". Without actually finding these solutions, we 
know that each series must converge at least for |x| < V5 because R = V5 is the 
distance in the complex plane from 0 (the point (0, 0)) to either of the numbers 1 + 2i 
(the point (1, 2)) or 1 — 2i (the point (1, —2)). However, one of these two solutions is 
valid on an interval much larger than — V5 < x < V5; in actual fact this solution 
is valid on (— o, ©) because it can be shown that one of the two power series solutions 
about 0 reduces to a polynomial. Therefore we also say that V/5 is the lower bound for 
the radius of convergence of series solutions of the differential equation about 0. 


If we seek solutions of the given DE about a different ordinary point, say, x = — 1, 
then each series y = Z5 o c,(x + 1)" converges at least for |x| < 2 V2 because 
the distance from — 1 to either 1 + 2ior 1 — 2iisR = V8 = 2 V2. a 


NOTE In the examples that follow, as well as in Exercises 6.1, we shall, for the 
sake of simplicity, find power series solutions only about the ordinary point x = 0. If 
it Is necessary to find a power series solution of a linear DE about an ordinary point 
Xo # 0, we can simply make the change of variable t = x — xo in the equation (this 
translates x = xo to t= 0), find solutions of the new equation of the form 
y = dro Ct”, and then resubstitute t = x — xo. 


FINDING A POWER SERIES SOLUTION The actual determination of a power 
series solution of a homogeneous linear second-order DE is quite analogous to what 
we did in Section 4.4 in finding particular solutions of nonhomogeneous DEs by the 
method of undetermined coefficients. Indeed, the power series method of solving a 
linear DE with variable coefficients is often described as “the method of undetermined 
series coefficients.” In brief, here is the idea: We substitute y = 27. c,x" into the 
differential equation, combine series as we did in Example 1, and then equate all coef- 
ficients to the right-hand side of the equation to determine the coefficients c,. But 
because the right-hand side is zero, the last step requires, by the identity property in the 
preceding bulleted list, that all coefficients of x must be equated to zero. No, this does 
not mean that all coefficients are zero; this would not make sense — after all, Theorem 
6.1.1 guarantees that we can find two solutions. Example 3 illustrates how the single 
assumption that y = E; o c,x' = Co + cix + cx? +++- leads to two sets of 
coefficients, so we have two distinct power series y;(x) and y2(x), both expanded 
about the ordinary point x = 0. The general solution of the differential equation is 
y = Cyyi(x) + C2y2(x); indeed, it can be shown that C, = co and C2 = c. 


| EXAMPLE 3 Power Series Solutions 


Solve y” + xy = 0. 


SOLUTION Since there are no finite singular points, Theorem 6.1.1 guarantees 
two power series solutions centered at 0, convergent for |x| < o. Substituting 
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y = È? o c,x' and the second derivative y" = 97... n(n — 1)c,x" ? (see (1)) into 
the differential equation gives 


y' t xy = Ye,n(n — Dx"? + x ¢,x" = Ye,n(n — Dx? + 
n=2 n 


n=2 n=0 = = 


cx. (7) 
0 


In Example 1 we already added the last two series on the right-hand side of the 
equality in (7) by shifting the summation index. From the result given in (4), 


y" t+ xy 2 2c + SUK + Wk + Dcp + c, 4]x* = 0. (8) 
k=1 


At this point we invoke the identity property. Since (8) is identically zero, it is neces- 
sary that the coefficient of each power of x be set equal to zero— that is, 2c? = 0 
(it is the coefficient of x°), and 


(k+ Dkt Dea. tq-17=0, k=1,2,3,.... (9) 


Now 2c» = 0 obviously dictates that c? = 0. But the expression in (9), called a 
recurrence relation, determines the c; in such a manner that we can choose a certain 
subset of the set of coefficients to be nonzero. Since (k + 1)(k + 2) + 0 for all val- 
ues of k, we can solve (9) for c,» in terms of c4: 


Ck-1 


(k + 1)(k + 2)’ 


k= 1,2,3,.... (10) 


Ck+2 = 


This relation generates consecutive coefficients of the assumed solution one at a time 
as we let k take on the successive integers indicated in (10): 


k=1, gam 
k =2, “HFS 
k = 3, émis *— c; is Zero 
k-4 M 
t 7$ 778986 2834598 
C4 1 
k=5, = 
7 6:7 3-:4-6-7^ 
C5 
k — 6, : xs er e *— c5 is zero 
1 
k=7, Co c6 = Co 
8*0 27355564859 
1 
k = 8, Cio = “m €i 
9-10 3:4-:6-:7-9-10 
k=9, Cj > EET =0 <— cg is Zero 


and so on. Now substituting the coefficients just obtained into the original 
assumption 


y = co t cqx + or + 3x3 + cgxt + 659° + cgxÓ + 7x7 + cgx® + cox? + cux +e te: 
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we get 
= C0 3 Cic A Co 6 
=o +cx+0 +0+——2_— 
E A 2:3%  3.4* 2.3.5.6. 
Ci 7 Co 9 ei 10 
+ +0 00 
3.4.67” 2-3-5689 3-4:-6-7:9- 10° 


After grouping the terms containing co and the terms containing cı, we obtain 
y = coy (x) + ciy3 (X), where 


1 1 1 2c —]Y* 

y (x) = 1 x + x$ ete =14+>D ( ) E: 
2-3 2-3-5-6 2-3-5-6-8-.9 (12:3: (8k = DQGKR) 
1 1 1 2o —1)k 

y(x) = x x + x! x 4-2-5445 CD 3k+1 
3*4 3-4-6-7 3-4-6°7°9-10 (13:4: GE)GKk + 1) 


Because the recursive use of (10) leaves co and cı completely undetermined, 
they can be chosen arbitrarily. As was mentioned prior to this example, the linear 
combination y = coyı(x) + cıy2(x) actually represents the general solution of the 
differential equation. Although we know from Theorem 6.1.1 that each series solu- 
tion converges for|x| < «e, this fact can also be verified by the ratio test. ig 


The differential equation in Example 3 is called Airy's equation and is 
encountered in the study of diffraction of light, diffraction of radio waves around the 
surface of the Earth, aerodynamics, and the deflection of a uniform thin vertical 
column that bends under its own weight. Other common forms of Airy's equation are 
y" — xy = O and y" + a?xy = 0. See Problem 41 in Exercises 6.3 for an application 
of the last equation. 


| EXAMPLE 4 Power Series Solution 


Solve (x? + Dy" + xy’ - y=0. 


SOLUTION As we have already seen on page 223, the given differential equation has 
singular points at x = —i, and so a power series solution centered at 0 will converge at 
least for |x| < 1, where 1 is the distance in the complex plane from 0 to either i or —i. 
The assumption y = 2, c,x" and its first two derivatives (see (1)) lead to 


(G2 4 1) X n(n — De,x^7? + x Y, nex"! — X, eux" 


n-2 n-l n=0 


= p n(n = l)e,x" + 5 n(n — 1)c,x"~? + 5 nc,x^ — v Cun 


n-2 n-2 n=1 n=0 


= 2cyx9 — cox? + 6cyx + cix — ex + X, n(n- Dex" 


n=2 


k=n 


oo oo o0 
+X n(n — Dex"? + X, nc,x” — X cx” 

n=4 n=2 n=2 
i y e 
k-n-2 k=n k= 


n 


= 2€, — Co + 6c3x + Y [k(k — 1)cy + (k + 2)(k + 1)cp42 + ke, — Cg) 


k=2 


= 2e, — co + 6x + Y, [(k + D(k — Deg + (k + 2K + Deqerdx* = 0. 
k=2 
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From this identity we conclude that 2c2 — co = 0, 6c3 = 0, and 


(k + D(k — De, + (k + 2k + Des = 0. 


1 
Thus €2 = 5 0 
c3 = 0 
]-k 
C27 y pe k—2,3,4,.... 


Substituting k = 2, 3, 4, . . . into the last formula gives 


1 1 j 
sU CMT 3.24 9 35 "9 

2 
c 50 *— c4 is Zero 

3 3 1:3 
57:7 8* 3e4«6 " 253679 

4 
c= 736570 *— cs is Zero 

5 3.5 1:3:5 
gre age y 
y= -$6 70 *— c; is Zero 

7 3:5-7 i857 
"m - d0 * 2.4.6.8. 100 5 


and so on. Therefore 


Co + cqx + c + 3x3 + ex cx Fe  c4x! + cgx? + Cox? + exl ese 


1 1 1*3 1-3-5 
=c| 1+ =x xt + x$ 
2 272! 233! 244! 


1:3*:5-7 
x8 4 PET x10 ejes 


= Coy) + cyx). 


The solutions are the polynomial y2(x) = x and the power series 


1 = l1: . «(2n — 
yip - 14 384 Dei B eua Wek g 


n-2 2"n! 


| EXAMPLE 5 Three-Term Recurrence Relation 


If we seek a power series solution y = 277. c,x" for the differential equation 
y-ü-t*2y-0 
we obtain c; — log and the three-term recurrence relation 


Cy F C4 


(k + D(k + 2y 


k=1,2,3,.... 


Ck+2 = 


It follows from these two results that all coefficients c,, for n = 3, are expressed in 
terms of both co and cı. To simplify life, we can first choose co # 0, cı = 0; this 
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yields coefficients for one solution expressed entirely in terms of co. Next, if 
we choose c, = 0, cı # 0, then coefficients for the other solution are expressed 
in terms of cı. Using c; = tco in both cases, the recurrence relation for 
k= 1,2,3, ... gives 


Co * 0,0, = 0 Co= 0,c, #0 
1 1 
C2 = 5 Co Co = = Cg = 
Pee aes! Co _ & Ap S. Cr Ot 
> ges 2:3 6 s 2+3 2-3 6 
DE xà Co _ Co ae OT C — Ĉi 
^. 3+4 2-3-4 24 *o 894 3-4 12 
C3 + Co €; |1 1 Co C3 + C C € 
Cs = = + = Cs = = = 
4*5 4-5|6 2 30 4*5 4-5-6 120 


and so on. Finally we see that the general solution of the equation is 
y = coyi(x) + c1y2(x), where 
1 1 1 1 


yx) = 1 acd ! gt OU Paar Te 


d (x) + ls + € + t + 
an = Sjea 
HA E ia 
Each series converges for all finite values of x. a 


NONPOLYNOMIAL COEFFICIENTS The next example illustrates how to find a 
power series solution about the ordinary point xo = 0 of a differential equation when 
its coefficients are not polynomials. In this example we see an application of the 
multiplication of two power series. 


[ EXAMPLE 6 DE with Nonpolynomial Coefficients 


Solve y" + (cos x)y = 0. 


SOLUTION We see that x = 0 is an ordinary point of the equation because, as we 
have already seen, cos x is analytic at that point. Using the Maclaurin series for cos x 
given in (2), along with the usual assumption y = 25. c,x" and the results in (1), 
we find 


x 2 ae: 2 
y" + (cos x)y = Y, n(n — Dex"? 4 (1 H pose J Cu 
: : n=0 


HED 2! 4! 6! 
xbox 
= 2c, + 6c4x + 12c4x? + 20c 4 ( T + 4l Te Jes + ex + ex? cx t.e) 
1 1 n 
= 2c, + co + (603 + cy)x + 12c4 + €; — 5€ xb + 20cs + c3 — 561 XL+. =O. 


2c, + Co = 0, 6c3 + c = 0, 12c4 + c — 


It follows that 


1 1 
3709 20cs + c3 — 6r = 0, 


(a) plot of y,(x) vs. x 


y2 
1f ^ 
x 
=j 
-2 
ES v, 
-2 2 4 6 8 10 


(b) plot of y,(x) vs. x 


FIGURE 6.1.2 Numerical solution 
curves for Airy's DE 
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: š 1 1 1 1 
and so on. This gives c; = —3 Co, C3 = —gC1, C4 = ZC, Cs — 3g €»... - By group- 
ing terms, we arrive at the general solution y = coy,(x) + c1y2(x), where 


1 1 1 
ye) = 1 ud + pt mE and yax) =x "La T— 


Because the differential equation has no finite singular points, both power series con- 
verge for |x| < ©. a 


SOLUTION CURVES The approximate graph of a power series solution 
y(x) = Yr=o c,x' can be obtained in several ways. We can always resort to graphing 
the terms in the sequence of partial sums of the series — in other words, the graphs of 
the polynomials Sy(x) = 3". c,x". For large values of N, Sy(x) should give us an 
indication of the behavior of y(x) near the ordinary point x — 0. We can also obtain 
an approximate or numerical solution curve by using a solver as we did in Section 
4.9. For example, if you carefully scrutinize the series solutions of Airy's equation in 
Example 3, you should see that y;(x) and y2(x) are, in turn, the solutions of the initial- 
value problems 


y'"*xy-20, y(0-1, y'(0)- 0, 


(11) 
y"*xy-20, yO)=0, y'(0) - 1. 


The specified initial conditions “pick out" the solutions y;(x) and y2(x) from 
y = coyi(x) + c1y2(x), since it should be apparent from our basic series assumption 
y = dro C X” that y(0) = co and y'(0) = cy. Now if your numerical solver requires 
a system of equations, the substitution y' = u in y" + xy = 0 gives y" = u' = —xy, 
and so a system of two first-order equations equivalent to Airy's equation is 


y =u 


ul = —xy. 


(12) 


Initial conditions for the system in (12) are the two sets of initial conditions in (11) 
rewritten as y(0) = 1, u(0) = 0, and y(0) = 0, u(0) = 1. The graphs of yi(x) 
and y2(x) shown in Figure 6.1.2 were obtained with the aid of a numerical solver. 
The fact that the numerical solution curves appear to be oscillatory is consistent 
with the fact that Airy’s equation appeared in Section 5.1 (page 186) in the form 
mx" + ktx = 0 as a model of a spring whose "spring constant" K(t) = kt increases 
with time. 


REMARKS 


(i) In the problems that follow, do not expect to be able to write a solution in 
terms of summation notation in each case. Even though we can generate as 
many terms as desired in a series solution y = 2 c,x" either through the use 
of a recurrence relation or, as in Example 6, by multiplication, it might not be 
possible to deduce any general term for the coefficients c,. We might have to 
settle, as we did in Examples 5 and 6, for just writing out the first few terms of 
the series. 


(ii) A point xo is an ordinary point of a nonhomogeneous linear second-order 
DE y" + P(»)y' + QG)y = f(x) if P(x), Q(x), and f(x) are analytic at xo. 
Moreover, Theorem 6.1.1 extends to such DEs; in other words, we can 
find power series solutions y = Z;.9c,(x — xy)" of nonhomogeneous 
linear DEs in the same manner as in Examples 3—6. See Problem 36 in 
Exercises 6.1. 
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EX E RC | S E S 6 . 1 Answers to selected odd-numbered problems begin on page ANS-8. 


6.1.1 REVIEW OF POWER SERIES 


In Problems 1—4 find the radius of convergence and interval 
of convergence for the given power series. 


2 gn 2 (100)" 
1. $—» 2 >! P a Ty 
n=1 M n=0 n! 
s (=)! " 
3. X = e = 5) 4. M kx — 1) 
kj 10 k-0 


In Problems 5 and 6 the given function is analytic at x = 0. 
Find the first four terms of a power series in x. Perform the 
multiplication by hand or use a CAS, as instructed. 


5. sin xcosx 6. e" cosx 


In Problems 7 and 8 the given function is analytic at x = 0. 
Find the first four terms of a power series in x. Perform the 
long division by hand or use a CAS, as instructed. Give the 
open interval of convergence. 

1 1= 
8. — 


' cosx 2 qx 


In Problems 9 and 10 rewrite the given power series so that 


its general term involves x“. 


9. X nce, xt? 10. > 2n- Dex? 
n=1 n=3 
In Problems 11 and 12 rewrite the given expression as a sin- 


gle power series whose general term involves x^. 


11. 5 2nc,x + > 6c, xt! 


n-l - 
12. 5 n(n — l)c,x" +2 Y n(n — Dec,x*? +3 p nc,x" 
n-2 n-2 n=1 


In Problems 13 and 14 verify by direct substitution that the 
given power series is a particular solution of the indicated 
differential equation. 


y= 


14. y= scm, 


(— D^ 


x", (xc Dy” + y' 20 


2n 


(xeu c Wty txy=0 


6.1.2 POWER SERIES SOLUTIONS 


In Problems 15 and 16 without actually solving the given 
differential equation, find a lower bound for the radius of 
convergence of power series solutions about the ordinary 
point x = 0. About the ordinary point x = 1. 


15. (x? — 25)y" + 2xy' - y 20 
16. (x? — 2x + 10)y" + xy’ - 4y - 0 


In Problems 17-28 find two power series solutions of the 
given differential equation about the ordinary point x = 0. 
17. y" - xy 20 

19. y" —2xy' + y 2 0 

21. y" + x?y' + xy =0 

23. (x - Dy" + y' =0 

25. y' (x + Dy’ - y 2*0 
26. (x? + Dy" — 6y 20 
27. (x? + 2)y" + 3xy’ - y 20 
28. (x? — Dy" + xy' -y=0 


18. y' + x2y 20 

20. y" — xy’ -2y =0 

22. y" + 2xy' + 2y =0 

24. (x + 2y" + xy’ - y 20 


In Problems 29 —32 use the power series method to solve the 
given initial-value problem. 


29. (x — Dy" - xy' ty 20, yO) = 2, (0 = 

30. x + Dy'—-(2—5y' +y=0, yO) = 2, y'(0) = — 
31. y" — 2xy' + 8y 20, y(023,y' (0-0 

32. (x? + Dy" + 2xy’ 20, y(0020,y'(00 21 


In Problems 33 and 34 use the procedure in Example 6 to 
find two power series solutions of the given differential 
equation about the ordinary point x = 0. 


33. y" + (sinx)y = 0 34. y" + e*y' - y 2 0 


Discussion Problems 


35. Without actually solving the differential equation 
(cos x)y" + y' + 5y = 0, find a lower bound for the 
radius of convergence of power series solutions about 
x = 0. About x = 1. 


36. How can the method described in this section be used to 
find a power series solution of the nonhomogeneous 
equation y" — xy = 1 about the ordinary point x = 0? 
Of y" — 4xy’ — 4y = e"? Carry out your ideas by 
solving both DEs. 


37. Is x = 0 an ordinary or a singular point of the differen- 
tial equation xy” + (sin x)y = 0? Defend your answer 
with sound mathematics. 


38. For purposes of this problem, ignore the graphs given in 
Figure 6.1.2. If Airy’s DE is written as y” = —xy, what 
can we say about the shape of a solution curve if x > 0 
and y > 0? If x > 0and y <0? 


Computer Lab Assignments 


39. (a) Find two power series solutions for y" + xy’ + y = 0 
and express the solutions y;(x) and y2(x) in terms of 
summation notation. 
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(b) Use a CAS to graph the partial sums Sy(x) for 40. (a) Find one more nonzero term for each of the solu- 
yıx). Use N = 2, 3, 5, 6, 8, 10. Repeat using the tions y, (x) and y5(x) in Example 6. 
partial sums Sy(x) for y5(x). (b) Find a series solution y(x) of the initial-value 
(c) Compare the graphs obtained in part (b) with problem y" + (cos x)y = 0, y(0) = 1, y'(0) = I. 
the curve obtained by using a numerical solver. Use (c) Use a CAS to graph the partial sums Sy(x) for the 
the initial-conditions y,(0) = 1, yí(0) — 0, and solution y(x) in part (b). Use N = 2, 3, 4, 5, 6, 7. 


¥2(0) = 0, y2(0) = 1. (d) Compare the graphs obtained in part (c) with the 
(d) Reexamine the solution y,(x) in part (a). Express curve obtained using a numerical solver for the 

this series as an elementary function. Then use (5) initial-value problem in part (b). 

of Section 4.2 to find a second solution of the equa- 

tion. Verify that this second solution is the same as 

the power series solution y»(x). 
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REVIEW MATERIAL 
e Section 4.2 (especially (5) of that section) 


INTRODUCTION The two differential equations 
y” +xy =0 and xy"+y=0 


are similar only in that they are both examples of simple linear second-order DEs with variable 
coefficients. That is all they have in common. Since x = 0 is an ordinary point of y" + xy = 0, we 
saw in Section 6.1 that there was no problem in finding two distinct power series solutions centered 
at that point. In contrast, because x = 0 is a singular point of xy" + y = 0, finding two infinite 
series —notice that we did not say power series—solutions of the equation about that point becomes 
a more difficult task. 

The solution method that is discussed in this section does not always yield two infinite series 
solutions. When only one solution is found, we can use the formula given in (5) of Section 4.2 to find 
a second solution. 


A DEFINITION A singular point xo of a linear differential equation 
an(x)y" + aQ)y' + agQ)y = 0 (1) 


is further classified as either regular or irregular. The classification again depends on 
the functions P and Q in the standard form 


y" + P@)y’ + O@y = 0. (2) 


DEFINITION 6.2.1 Regular and Irregular Singular Points 


A singular point xo is said to be a regular singular point of the differential 
equation (1) if the functions p(x) = (x — xo) P(x) and q(x) = (x — xo QC) 
are both analytic at xo. A singular point that is not regular is said to be an 
irregular singular point of the equation. 


The second sentence in Definition 6.2.1 indicates that if one or both of the func- 
tions p(x) = (x — xo) P(x) and q(x) = (x — xoY? Q(x) fail to be analytic at xo, then 
Xo is an irregular singular point. 
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POLYNOMIAL COEFFICIENTS As in Section 6.1, we are mainly interested in 
linear equations (1) where the coefficients a»(x), a1(x), and ao(x) are polynomials 
with no common factors. We have already seen that if a»(xo) = 0, then x = xo is a 
singular point of (1), since at least one of the rational functions P(x) = a(x) /a2(x) 
and Q(x) = ao(x) /a2(x) in the standard form (2) fails to be analytic at that point. 
But since a2(x) is a polynomial and xo is one of its zeros, it follows from the Factor 
Theorem of algebra that x — xo is a factor of a2(x). This means that after a (x) /ao(x) 
and ao(x) /a»(x) are reduced to lowest terms, the factor x — xo must remain, to some 
positive integer power, in one or both denominators. Now suppose that x — xo is a 
singular point of (1) but both the functions defined by the products p(x) = (x — xo) 
P(x) and q(x) = (x — x9)? Q(x) are analytic at xo. We are led to the conclusion that 
multiplying P(x) by x — xo and Q(x) by (x — xo)? has the effect (through cancella- 
tion) that x — x9 no longer appears in either denominator. We can now determine 
whether xo is regular by a quick visual check of denominators: 


If x — xo appears at most to the first power in the denominator of P(x) and at 
most to the second power in the denominator of Q(x), then x — xo is a regular 
singular point. 


Moreover, observe that if x — xo is a regular singular point and we multiply (2) by 
(x — xo), then the original DE can be put into the form 
(x — xo y" + (x — xo)p@y’ + a@y = 0, (3) 


where p and q are analytic at x — xo. 


[ EXAMPLE 1 Classification of Singular Points 


It should be clear that x = 2 and x = —2 are singular points of 


(x? — 4)?y" + 3(x — 2)y' + 5y = 0. 


After dividing the equation by (x? — 4)? = (x — 2)?(x + 2)? and reducing the 
coefficients to lowest terms, we find that 


3 5 


P= Caparo 9d 2 = Cope sar 


We now test P(x) and Q(x) at each singular point. 

For x = 2 to be a regular singular point, the factor x — 2 can appear at 
most to the first power in the denominator of P(x) and at most to the second 
power in the denominator of Q(x). A check of the denominators of P(x) and 
Q(x) shows that both these conditions are satisfied, so x = 2 is a regular singular 
point. Alternatively, we are led to the same conclusion by noting that both rational 
functions 


PO) = ( — 2)PQ) = and — q(x) = « — 2 Q(x) = 


(x + 2)? (x + 2y 


are analytic at x = 2. 

Now since the factor x — (—2) = x + 2 appears to the second power in the 
denominator of P(x), we can conclude immediately that x — —2 is an irregular 
singular point of the equation. This also follows from the fact that 


3 


P(X) = (x + 2)P(x) = @—-D«+2 


is not analytic at x = —2. a 
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In Example 1, notice that since x = 2 is a regular singular point, the original 
equation can be written as 
p(x) analytic q(x) analytic 
[atx =2 atx =2 
3 3 


G+” ttg’ 


(x — 2y" + (x — 2) 

As another example, we can see that x — O is an irregular singular point 
of x?y" — 2xy' + 8y = 0 by inspection of the denominators of P(x) = —2/x? 
and Q(x) = 8/x°. On the other hand, x — 0 is a regular singular point of 
xy" — 2xy' + 8y = 0, since x — 0 and (x — 0)? do not even appear in the respective 
denominators of P(x) = —2 and Q(x) = 8/x. For a singular point x = x9 any 
nonnegative power of x — xo less than one (namely, zero) and any nonnegative power 
less than two (namely, zero and one) in the denominators of P(x) and Q(x), respec- 
tively, imply that xo is a regular singular point. A singular point can be a complex 
number. You should verify that x = 3i and x = —3i are two regular singular points 
of (x? + 9)y" — 3xy' + (1 — x)y = 0. 

Any second-order Cauchy-Euler equation ax?y" + bxy' + cy = 0, where a, b, 
and c are real constants, has a regular singular point at x = 0. You should verify that 
two solutions of the Cauchy-Euler equation x?y" — 3xy' + 4y = 0 on the interval 
(0, ?») are y; = x? and y? = x? In x. If we attempted to find a power series solution 
about the regular singular point x = 0 (namely, y = 2.6 C, xX”), we would succeed 
in obtaining only the polynomial solution y, = x”. The fact that we would not obtain 
the second solution is not surprising because In x (and consequently y; = x? In x) 
is not analytic at x = 0—that is, y2 does not possess a Taylor series expansion 
centered at x = 0. 


METHOD OF FROBENIUS To solve a differential equation (1) about a regular 
singular point, we employ the following theorem due to Frobenius. 


[| THEOREM 6.2.1 Frobenius’ Theorem 


If x = xo is a regular singular point of the differential equation (1), then there 
exists at least one solution of the form 


DESCLO E cQ ow) = >, (6 — x)", (4) 
nO n=0 


where the number r is a constant to be determined. The series will converge at 
least on some interval 0 < x — xo < R. 


Notice the words at least in the first sentence of Theorem 6.2.1. This means 
that in contrast to Theorem 6.1.1, Theorem 6.2.1 gives us no assurance that 
two series solutions of the type indicated in (4) can be found. The method of 
Frobenius, finding series solutions about a regular singular point xo, is similar to 
the method of undetermined series coefficients of the preceding section in that we 
substitute y 737. c,(x — x9)"*' into the given differential equation and deter- 
mine the unknown coefficients c, by a recurrence relation. However, we have an 
additional task in this procedure: Before determining the coefficients, we must 
find the unknown exponent r. If r is found to be a number that is not a nonnegative 
integer, then the corresponding solution y 2X; c,(x — x9)"*" is not a power 
series. 

As we did in the discussion of solutions about ordinary points, we shall always 
assume, for the sake of simplicity in solving differential equations, that the regular 
singular point is x — O. 
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| EXAMPLE 2 Two Series Solutions 


Because x = 0 is a regular singular point of the differential equation 
3xy" + y'’ —y=0, (5) 


we try to find a solution of the form y = X79 c,.x"*". Now 


8 


y =) (n + ne, x"! and y"=d (n-*ran-cr-DbDox"?, 
n-0 0 


n 


SO 


3xy" +y —y 23Y (n A(n +r Dex"! +> (n + rex NN cxt 
n-0 


n=0 n=0 


=> (n + NGBn + 3r — 2)e, x^ — M ex" 
0 


n= n=0 


= vrer = Dax 0 + AGa + 3r- en"! -A 2 


n=1 n=0 


k=n-1 k=n 


= eror —2)ex ! +> [(k + r+ 1)(3k + 3r + Dc, — als] = 0, 
k 


=0 


which implies that r(3r — 2)cp = 0 
and (k t r+ 1)(3k + 3r + 1)e4 — c, = 0, k=0,1,2,.... 
Because nothing is gained by taking co = 0, we must then have 

r(3r—2) =0 (6) 
and Cu = Cr k=0,1,2,.... (7) 


(k+rt+1)Gk + 3r 4 1y 


When substituted in (7), the two values of r that satisfy the quadratic equation (6), 
r= Z and r = 0, give two different recurrence relations: 


2 Ck 


— 41 = —————— k=0,1,2,... 
ri 3 Ck+1 (3k n 5)(k n ly 0, siig (8) 
0 SE k-20,12 (9) 
r= ; Gi = > = s 1, s... 
7 EE TX EXV 
From (8) we find From (9) we find 
Co Co 
G= = 
PU Bw ciam 
|. | | % |. | |  €9 
2 8-2 210-8 uu TUN UE 
Co Co C5 Co 
C3 = C4 — = 
11:3 3!5°8-11 3-7 311°4°7 
C3 Co C3 Co 
C4 = C= = 
14-4  415-8- I1 - 14 4-10 481-4-7-10 
Co Co 
Ca sl $ C, = " 
n1l5-8-*11:-- (3n t 2) n11*:4*7---:(3n — 2) 
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Here we encounter something that did not happen when we obtained solutions 
about an ordinary point; we have what looks to be two different sets of coeffi- 
cients, but each set contains the same multiple co. If we omit this term, the series 
solutions are 


x 1 
= 23| qup a 10 
Neue | $curwez" (10) 


— +0 ` 1 n 
ra) =x Xx (1) 


By the ratio test it can be demonstrated that both (10) and (11) converge for all val- 
ues of x—that is, |x| < œ. Also, it should be apparent from the form of these 
solutions that neither series is a constant multiple of the other, and therefore y; (x) and 
y2(x) are linearly independent on the entire x-axis. Hence by the superposition prin- 
ciple, y = Ciyj(x) + Cyy2(x) is another solution of (5). On any interval that does not 
contain the origin, such as (0, o»), this linear combination represents the general solu- 
tion of the differential equation. a 


INDICIAL EQUATION Equation (6) is called the indicial equation of the prob- 
lem, and the values r, — i and r2 = 0 are called the indicial roots, or exponents, of 
the singularity x = 0. In general, after substituting y = 25-9 c,x"*" into the given dif- 
ferential equation and simplifying, the indicial equation is a quadratic equation in r 
that results from equating the total coefficient of the lowest power of x to zero. We 
solve for the two values of r and substitute these values into a recurrence relation 
such as (7). Theorem 6.2.1 guarantees that at least one solution of the assumed series 
form can be found. 

It is possible to obtain the indicial equation in advance of substituting 
y = Ej, c,x"*" into the differential equation. If x = 0 is a regular singular point of 
(1), then by Definition 6.2.1 both functions p(x) = xP(x) and g(x) = x? Q(x), where 
P and Q are defined by the standard form (2), are analytic at x = 0; that is, the power 
series expansions 


p) = xP(x) =a t aix t ay ss and q(x) = xiQ(x) = bo + bix - bx? ts (02) 
are valid on intervals that have a positive radius of convergence. By multiplying (2) 

by x?, we get the form given in (3): 
xy" + x[xP(x)]y’ + p?^QG)ly = 0. (13) 


After substituting y = 27-9 c,.x"*" and the two series in (12) into (13) and carrying 


out the multiplication of series, we find the general indicial equation to be 
r(r — 1) + agr + bg = 0, (14) 


where do and bg are as defined in (12). See Problems 13 and 14 in Exercises 6.2. 


l EXAMPLE 3 Two Series Solutions 


Solve 2xy" + (1 + x)y’ +y = 0. 


SOLUTION Substituting y = £o c,x"*" gives 
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2xy" + (1+xy +y=2 Y (n+ D(n +r- Ve x1 + Y (n + r)e,x”t! 
n=0 n=0 


co oo 
+ ` (n t r)e,x"*" ` G 
n=0 n=0 


=> (n+ NQn + 2r — De,xntr7! + Y (n t r+ De,xtt 
n=0 n=0 


x ler = Dex + È (n + Ons 2r- Hes! + (nr Do 


n=1 n=0 
JUN "i 


y 
k-n-1 k=n 


= x" |o = Dex! + bj [(k +r - DQk + 2r t+ Deu + (kt rc Dabe), 
k=0 


which implies that r(2r — 1) 20 (15) 
and (k t rc I@k 4+ 2r 4+ De, + (kK +r + De, = 0, (16) 
k =0,1,2,.... From (15) we see that the indicial roots are r; = 1 and r = 0. 


For r, = 5 we can divide by k + 3 in (16) to obtain 


—Cy 


"E ; k=0,1,2,..., 17 
Cil 2(k + 1) (17) 
whereas for r2 = 0, (16) becomes 
=k k=0,1,2 (18) 
Ck+1 TEL M 
From (17) we find From (18) we find 
-—:5 —Co 
c= EE 
2*1 1 
|. € C0 _ el Co 
So Xm ez "ou hag 
E —€5 m —Co =C _ —~Co 
"o gez Febi as aes 
63 | C0 T7€3 — Co 
"oed FA LE INÉTIPUTT 
(CDa = (—1)"co 
Cr = ; om : 
ý 2"p! 1-355759 -(2n-— IL) 


Thus for the indicial root r, = i we obtain the solution 


y, €) = ZI } p d zs C D^ ean. 


n=1 2"n! n=0 2" n! 
where we have again omitted co. The series converges for x = 0; as given, the series 
is not defined for negative values of x because of the presence of x!?. For r; = 0 a 
second solution is 
— n 
(-D i 


- 20 dx & m. 
z) 2 173:5-T..-Qn — D» is 


On the interval (0, ©) the general solution is y = Cyyi(x) + Czy2(x). [| 
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l EXAMPLE 4 Only One Series Solution 


Solve xy" + y = 0. 


SOLUTION From xP(x) = 0, x7 Q(x) = x and the fact that 0 and x are their own 
power series centered at 0 we conclude that ao = 0 and bo = 0, so from (14) the 
indicial equation is r(r — 1) = 0. You should verify that the two recurrence relations 
corresponding to the indicial roots rı = 1 and r2 = 0 yield exactly the same set of 
coefficients. In other words, in this case the method of Frobenius produces only a 
single series solution 

= (-1)" 1 1 


= ntl — 2 + 3 4 fees, [r3] 
Ee > niin + DU * 2% 73" 14^ 


THREE CASES For the sake of discussion let us again suppose that x = 0 is a 
regular singular point of equation (1) and that the indicial roots rı and r» of the 
singularity are real. When using the method of Frobenius, we distinguish three cases 
corresponding to the nature of the indicial roots rı and r2. In the first two cases the 
symbol rı denotes the largest of two distinct roots, that is, rı > r2. In the last case 
P1 = 295 


CASE |: If r; and r» are distinct and the difference rı — r is not a positive integer, 
then there exist two linearly independent solutions of equation (1) of the form 


NG) = Vex, co #0, yQ-2Xbxt by #0. 
n=0 n=0 
This is the case illustrated in Examples 2 and 3. 


Next we assume that the difference of the roots is N, where N is a positive 
integer. In this case the second solution may contain a logarithm. 


CASE II: If r; and r» are distinct and the difference rı — r» is a positive integer, 
then there exist two linearly independent solutions of equation (1) of the form 


y -Xex"^ c0, (19) 


n-0 
VE) = Cy) Inx +> b,x"*^, by 0, Q0) 
n-0 
where C is a constant that could be zero. 
Finally, in the last case, the case when rı = r2, a second solution will always 


contain a logarithm. The situation is analogous to the solution of a Cauchy-Euler 
equation when the roots of the auxiliary equation are equal. 


CASE Ill: If r; and r» are equal, then there always exist two linearly independent 
solutions of equation (1) of the form 


y(0-7Xex*^,  e*0, Q1) 


n=0 


O = y,(x) In x +d b,x", (22) 


n=1 


FINDING A SECOND SOLUTION When the difference rı — rz is a positive 
integer (Case II), we may or may not be able to find two solutions having the 
form y = 7, c,x"*'. This is something that we do not know in advance but is 
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determined after we have found the indicial roots and have carefully examined the 
recurrence relation that defines the coefficients c,. We just may be lucky enough 
to find two solutions that involve only powers of x, that is, y,(x) = X; c,x"^^ 
(equation (19)) and y(x) = X; b,x"*^ (equation (20) with C = 0). See Prob- 
lem 31 in Exercises 6.2. On the other hand, in Example 4 we see that the difference 
of the indicial roots is a positive integer (rı — r2 = 1) and the method of Frobenius 
failed to give a second series solution. In this situation equation (20), with C # 0, 
indicates what the second solution looks like. Finally, when the difference r; — r3 is 
a zero (Case III), the method of Frobenius fails to give a second series solution; the 
second solution (22) always contains a logarithm and can be shown to be equivalent 
to (20) with C — 1. One way to obtain the second solution with the logarithmic term 
is to use the fact that 


—-[P(x)dx 


y) = y) f Er dx (23) 


is also a solution of y" + P(x)y' + Q(x)y = 0 whenever y;(x) is a known solution. 
We illustrate how to use (23) in the next example. 


| EXAMPLE 5 Example 4 Revisited Using a CAS 


Find the general solution of xy" + y = 0. 
SOLUTION From the known solution given in Example 4, 


1 
yy (x) = x ;* + Ta ia” desta 


we can construct a second solution y2(x) using formula (23). Those with the time, 
energy, and patience can carry out the drudgery of squaring a series, long division, 
and integration of the quotient by hand. But all these operations can be done with 
relative ease with the help of a CAS. We give the results: 


(x) c | a | a 
VAX) — VX) | og aX = VX 2 
J DOF i Lond 43 i 
x OF ae P ee 
2 12 144 
( f dx 
= y(x 
yı 5 7 
xb— 34 —xX dee <— after squaring 
12 72 
«| ee T i Vr d fter long divisi 
= y (x | x+- dx < aft 
y ) n 12 72 alter long division 
= gl- ri RA pu fter i i 
yıx p nx 12* i44" after integrating 
=y,@)Inx yO- ee Do 
y(x) In x + y(x 21 i2" | a4 ; 
1 1.5 
Or y(x) = y,(x) Inx + | -1 - 3^ T ul ae to ds < after multiplying out 
On the interval (0, ©) the general solution is y = Cyyi(x) + Coyo(x). [| 


Note that the final form of y? in Example 5 matches (20) with C = 1; the series 
in the brackets corresponds to the summation in (20) with r2 = 0. 
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REMARKS 


(i) The three different forms of a linear second-order differential equation in 
(1), (2), and (3) were used to discuss various theoretical concepts. But on a 
practical level, when it comes to actually solving a differential equation using 
the method of Frobenius, it is advisable to work with the form of the DE 
given in (1). 

(ii) When the difference of indicial roots rı — r2 is a positive integer 
(rı ra), it sometimes pays to iterate the recurrence relation using the 
smaller root r5 first. See Problems 31 and 32 in Exercises 6.2. 


(iii) Because an indicial root r is a solution of a quadratic equation, it could 
be complex. We shall not, however, investigate this case. 


(iv) If x = 0 is an irregular singular point, then we might not be able to find 


any solution of the DE of form y 235.9 c,x 


ntr 


| | EXERCISES 6.2 


Answers to selected odd-numbered problems begin on page ANS-9. 


In Problems 1—10 determine the singular points of the given 
differential equation. Classify each singular point as regular 
or irregular. 


1. xy" + 4x?y' + 3y =0 
2. x(x + 32y" - y 20 


3. (x? — 9y" + (x + 3y' -2y =0 


1 1 
4. y" 4 =0 
Pereg” 


5. (x3 + 4x)y" — 2xy’ + 6y =0 

6. x(x — 5)?y" + Axy! + (x? — 25)y = 0 

7. (x2 +x - y" + (x + 3y' + (@—2)y=0 

8. x(x? + 1?y" cy -0 

9. x(x — 25)(x — 2)?y" + 3x(x — 2y' + x + y =0 


10. (x? — 2x? + 3x?) y" + x(x — 3?y' - (x + Dy =0 


In Problems 11 and 12 put the given differential equation 
into form (3) for each regular singular point of the equation. 
Identify the functions p(x) and q(x). 


11. (x? — Dy" + 5(x + Dy’ + (32— dy 20 


12. xy" + (x + 3y' + 72y =0 


In Problems 13 and 14, x = 0 is a regular singular point 
of the given differential equation. Use the general form of 
the indicial equation in (14) to find the indicial roots of the 
singularity. Without solving, discuss the number of series 


solutions you would expect to find using the method of 
Frobenius. 


13. x2y" + (ix + x)y" -iy-0 

14. xy" + y' + 10y 20 

In Problems 15-24, x = 0 is a regular singular point of 
the given differential equation. Show that the indicial roots 
of the singularity do not differ by an integer. Use the method 


of Frobenius to obtain two linearly independent series 
solutions about x = 0. Form the general solution on (0, o). 


15. 2xy" — y' -2y 20 

16. 2xy" + 5y' + xy =0 

17. 4xy" + iy' ty - 0 

18. 2z2y" — xy’ + x? + Dy =0 
19. 3xy"+ (2—xy'’ -y=0 

20. xy" — (x E 5» =0 

21. 2xy" - (3 + 2x)y' +y=0 
22. xy" + xy’ + (2 - ))y 20 
23. 9x2y" + 9x?! + 2y =0 

24. 2x?y" + 3xy' + Qx - Dy =0 


In Problems 25-30, x — 0 is a regular singular point of 
the given differential equation. Show that the indicial 
roots of the singularity differ by an integer. Use the method 
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of Frobenius to obtain at least one series solution about 
x = 0. Use (23) where necessary and a CAS, if instructed, 
to find a second solution. Form the general solution on 
(0, ©). 


25. xy" + 2y' - xy 20 
26. xy" + xy’ + (x2 = ty =0 


3 
27. xy" - xy +y=0 28. y" c -y' - 2y 2 0 
x 


29. xy" -(1—xy'—-y-0 30. xy" +y' +y=0 
In Problems 31 and 32, x = O is a regular singular point of the 
given differential equation. Show that the indicial roots of the 
singularity differ by an integer. Use the recurrence relation 
found by the method of Frobenius first with the larger root r1. 
How many solutions did you find? Next use the recurrence 
relation with the smaller root r2. How many solutions did 
you find? 


31. xy" + (x — 6y' - 3y 20 
32. x(x — Dy" + 3y' - 2y 20 


33. (a) The differential equation x^y" + Ay — 0 has an 
irregular singular point at x — 0. Show that the sub- 
stitution t = 1/x yields the DE 


dy  2dy 
d? tdt 


+ Ay = 0, 


which now has a regular singular point at t = 0. 


(b) Use the method of this section to find two series 
solutions of the second equation in part (a) about the 
regular singular point t = 0. 


(c) Express each series solution of the original equation 
in terms of elementary functions. 


Mathematical Model 


34. Buckling of a Tapered Column In Example 3 of 
Section 5.2 we saw that when a constant vertical 
compressive force or load P was applied to a thin 
column of uniform cross section, the deflection y(x) was 
a solution of the boundary-value problem 


d? 
EI +Py=0, y(0)=0, yD=0. 24 
X 


The assumption here is that the column is hinged at both 
ends. The column will buckle or deflect only when the 
compressive force is a critical load P,,. 


(a) In this problem let us assume that the column is of 
length L, is hinged at both ends, has circular cross 
sections, and is tapered as shown in Figure 6.2.1 (a). 
If the column, a truncated cone, has a linear taper 
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y = cx as shown in cross section in Figure 6.2.1(b), 
the moment of inertia of a cross section with respect 
to an axis perpendicular to the xy-plane is 
[= Irr, where r = y and y = cx. Hence we can 
write I(x) = Io(x/b)*, where I = I(b) = im(cby. 
Substituting /(x) into the differential equation in 
(24), we see that the deflection in this case is 
determined from the BVP 


x3 4 yy =0, y(a)=0, y(b) =0, 
X 


where A = Pb*/Elo. Use the results of Problem 33 
to find the critical loads P, for the tapered column. 
Use an appropriate identity to express the buckling 
modes y,,(x) as a single function. 


(b) Use a CAS to plot the graph of the first buckling 
mode y,(x) corresponding to the Euler load P, 
when b = 11 anda = 1. 


[—y-cx 


k 


(a) (b) 
FIGURE 6.2.1 Tapered column in Problem 34 


Discussion Problems 


35. Discuss how you would define a regular singular point 
for the linear third-order differential equation 


az(x)y" + a)y" + a(x)y’ + agQ)y = 0. 
36. Each of the differential equations 


ey” +y=0 and xy" + 3x - ly’ +y=0 
has an irregular singular point at x = 0. Determine 
whether the method of Frobenius yields a series solu- 
tion of each differential equation about x = 0. Discuss 
and explain your findings. 


37. We have seen that x = 0 is a regular singular point of 
any Cauchy-Euler equation ax?y" + bxy' + cy = 0. 
Are the indicial equation (14) for a Cauchy-Euler equa- 
tion and its auxiliary equation related? Discuss. 
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6.3 SPECIAL FUNCTIONS 


REVIEW MATERIAL 
e Sections 6.1 and 6.2 


INTRODUCTION The two differential equations 
xy" + xy’ + @? — v)y =0 (1) 
(1 — x*)y” — 2xy' + n(n + y = 0 (2) 


occur in advanced studies in applied mathematics, physics, and engineering. They are called Bessel’s 
equation of order v and Legendre’s equation of order n, respectively. When we solve (1) we shall 
assume that v = 0, whereas in (2) we shall consider only the case when n is a nonnegative integer. 


6.3.1 BESSEL'S EQUATION 


THE SOLUTION Because x = 0 is a regular singular point of Bessel’s equation, 
we know that there exists at least one solution of the form y = X; o c,x"**. 
Substituting the last expression into (1) gives 


xy" + xy! + (x? = vy = pi c,(n + r)(n +r— Da" + 5 c,(n + rj + p pira = yp? Y c,x"t" 
n=0 n=0 n=0 n=0 


œ 


=o(P —rtr— vta Y cain + rn r—1)4 (nr) vx x 5 Gxt 


n-l n=0 
=e = i xul Pa 3) eS qum. (3) 
n-l n=0 
From (3) we see that the indicial equation is r? — y? = 0, so the indicial roots are 
rı = vand r2 = —v.When rı = v, (3) becomes 


co oo 
x” M cnn + 2v + x" Y, cx"? 
n=0 


n-l 


=x la + 2v)ex + Y, c,n(n + 2v)x" +d d 
n-2 n=0 
V - d dg J 
k=n-2 k 


=x la + 2vcx + NM [(k + 2k +2 + 2)y45 + aah =0. 
k=0 


Therefore by the usual argument we can write (1 + 2v)c; = 0 and 
(k + 2)(k +2 + 2v)cq4. + co = 0 


—C, 


pp m 2 k=0,1,2,.... 4 

= C2 T EF Dk 2 23) x 

The choice c; = 0 in (4) implies that c4 = c4 = c; = +--+: = 0, so fork 20,2,4,... 
we find, after letting k + 2 = 2n,n = 1,2,3,..., that 

Con = Ema (5) 


i i 2n(n- v) 
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E Co 
d E c0 0T 
C2 Co 
E 2 
i 2-22+ vy) 2-1-2010 +2 9 v) 
C4 Co 
Cg = 


3.883 312-30 (0 +B +v) 


ss C D"og 
an QW + »(24»---(n-4vy 


n= 1,2,3,.... (6) 


It is standard practice to choose co to be a specific value, namely, 
1 
Cc ==> 
° 2T» 


where I'(1 + v) is the gamma function. See Appendix I. Since this latter function 
possesses the convenient property 1 (1 + œ) = ol (o), we can reduce the indicated 
product in the denominator of (6) to one term. For example, 


I(1- »v-*1)- (10 * »I(1 + v) 
I(1*»-c-2)-2Q -- »yrQ -* v) - Q + »I( + v). 
Hence we can write (6) as 


(-1)" _ CD” 
Pn EYE nA nA + v n) 


Con — 


for n =0,1,2,.... 


BESSEL FUNCTIONS OF THE FIRST KIND Using the coefficients c5, just 
obtained and r = v, a series solution of (1) is y = È%—o C2, x7"*”. This solution is usu- 


ally denoted by J,(x): 
oo (— 1)" G^ 
J(x) = ; 7 
v) À MT + v +n) \2 0) 


If v = 0, the series converges at least on the interval [0, œ). Also, for the second 


exponent r; = —v we obtain, in exactly the same manner, 
oo (-1)" Gr 
JL = : 8 
Ka) b nITü — » 4 n) V2 (8) 


The functions J, (x) and J_,(x) are called Bessel functions of the first kind of order v 
and —v, respectively. Depending on the value of v, (8) may contain negative powers 
of x and hence converges on (0, oo)," 

Now some care must be taken in writing the general solution of (1). When v — 0, 
it is apparent that (7) and (8) are the same. If v > 0 and rı — r2 = v — (~v) = 2v 
is not a positive integer, it follows from Case I of Section 6.2 that J,(x) and J_,(x) are 
linearly independent solutions of (1) on (0, ©), and so the general solution on the 
interval is y = c1J,(x) + c2J-, (x). But we also know from Case II of Section 6.2 that 
when rı — r2 = 2visa positive integer, a second series solution of (1) may exist. In this 
second case we distinguish two possibilities. When v = m = positive integer, J-m(x) 
defined by (8) and J,,,(x) are not linearly independent solutions. It can be shown that J_,, 
is a constant multiple of J, (see Property (7) on page 245). In addition, rı — r2 = 2v 
can be a positive integer when v is half an odd positive integer. It can be shown in this 


“When we replace x by |x|, the series given in (7) and (8) converge for 0 < |x| < %. 


1 
0.8 
0.6 
0.4 
0.2 


—0.2 
—0.4 


2 4 


FIGURE 6.3.1  Bessel functions of 


6 


the first kind for n = 0,1, 2, 3,4 


8 


i” 
0.5 [ Yo n 
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FIGURE 6.3.2 Bessel functions of 
the second kind for n = 0, 1, 2, 3, 4 
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8 


x 
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latter event that J, (x) and J_,(x) are linearly independent. In other words, the general 
solution of (1) on (0, ©) is 


y = cyJ,(x) + cJ.,(x), v # integer. (9) 
The graphs of y = Jo(x) and y = J4(x) are given in Figure 6.3.1. 


| EXAMPLE 1  Bessel's Equation of Order 7 


By identifying 7? — i and v — L we can see from (9) that the general solution of the 


equation x?y" + xy’ + (2 = y = 0 on (0, ©) isy = cjJi,5(x) + cJ 4/50). [| 


BESSEL FUNCTIONS OF THE SECOND KIND If v # integer, the function 
defined by the linear combination 


. cos varJ,(x) — J.,(x) 


Y,(x) (10) 


sin var 

and the function J, (x) are linearly independent solutions of (1). Thus another form of 
the general solution of (1) is y = ciJ,(x) + c5Y,(x), provided that v # integer. As 
v — m, m an integer, (10) has the indeterminate form 0/0. However, it can be shown 
by L’H6pital’s Rule that lim Y,(x) exists. Moreover, the function 


Yn) = lim YŒ) 
and J,,(x) are linearly independent solutions of x?y" + xy’ + (x? — m?)y = 0. Hence 
for any value of v the general solution of (1) on (0, ©) can be written as 
y = CF) + eX). (11) 


Y, (x) is called the Bessel function of the second kind of order v. Figure 6.3.2 shows 
the graphs of Yo(x) and Yı (x). 


Í EXAMPLE 2  Bessel's Equation of Order 3 


By identifying v? — 9 and v — 3, we see from (11) that the general solution of the 
equation x?y" + xy’ + (x? — 9)y = 0 on (0, ©) is y = ciJa(x) + caYa(x). E 


DEs SOLVABLE IN TERMS OF BESSEL FUNCTIONS Sometimes it is possible 
to transform a differential equation into equation (1) by means of a change of vari- 
able. We can then express the solution of the original equation in terms of Bessel 
functions. For example, if we let t = ax, œ > 0, in 


ey 4. xy (as = ey = B, (12) 
then by the Chain Rule, 
dy dydt dy d'y d (2) dt — dy 
= =a and = = : 
dx | dtdx dt dx? dt\dx/ dx dt? 


Accordingly, (12) becomes 


rv ly (+) dy dy dy 
: + + (P - v’)y =0 P +t— + (f — v*)y = 0. 
(3 Ode a * d ( d m dt? dt ( vy 


The last equation is Bessel’s equation of order v with solution y = cyJ,(f) + c2Y,(t). By 
resubstituting f = ox in the last expression, we find that the general solution of (12) is 


y = cyJ,(ax) + cY,.(ax). (13) 
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Equation (12), called the parametric Bessel equation of order v, and its general 
solution (13) are very important in the study of certain boundary-value problems 
involving partial differential equations that are expressed in cylindrical coordinates. 

Another equation that bears a resemblance to (1) is the modified Bessel equa- 
tion of order v, 


xy tay (xe ySyeu. (14) 
This DE can be solved in the manner just illustrated for (12). This time if we let 
t = ix, where i? = —1, then (14) becomes 


d’y 


df? 


dy 
P— BI eH yy HO 
at v^)y 
Because solutions of the last DE are J, (f) and Y, (t), complex-valued solutions of (14) 
are J (ix) and Y, (ix). A real-valued solution, called the modified Bessel function of 
the first kind of order v, is defined in terms of J, (ix): 


I(x) = i "J,(ix). (15) 
See Problem 21 in Exercises 6.3. Analogous to (10), the modified Bessel function of 
the second kind of order v # integer is defined to be 


K(x) = eae E L0) (16) 


sin var 


and for integer v — n, 
K,(x) = lim K,(x). 


Because 7, and K, are linearly independent on the interval (0, œ) for any value of v, 
the general solution of (14) is 


y = C1, (x) + oK, o. (17) 


Yet another equation, important because many DEs fit into its form by appro- 
priate choices of the parameters, is 
2.3 


]3 gt 
y' 4 ———Ày + (pee + are), -0 p=0 (18) 
x S dd 
Although we shall not supply the details, the general solution of (18), 


y- [esse iE ono, (19) 

can be found by means of a change in both the independent and the dependent 
alc 

variables: z = bx‘, y(x) = (5 w(z). If p is not an integer, then Y, in (19) can be 


replaced by J_p. 


l EXAMPLE 3 Using (18) 


Find the general solution of xy” + 3y' + 9y = 0 on (0, o»). 
SOLUTION By writing the given DE as 
3 9 
y” +-y +-y=0, 
x x 
we can make the following identifications with (18): 


1 — 2a = 3, pc? = 9, 2c-2=-1, and a? — pc? = 0. 


The first and third equations imply that a — —1 and c — L, With these values the 
second and fourth equations are satisfied by taking b = 6 and p = 2. From (19) 
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we find that the general solution of the given DE on the interval (0, o») is 
y = OTA 7) 3r gY]. E 


| EXAMPLE 4 The Aging Spring Revisited 


Recall that in Section 5.1 we saw that one mathematical model for the free undamped 
motion of a mass on an aging spring is given by mx" + ke™®'x = 0, a > 0. We are 
now in a position to find the general solution of the equation. It is left as a problem 


2 Jk 
to show that the change of variables s — — E e *'? transforms the differential 
m 


equation of the aging spring into a 
dx dx, 
Sats + sx = 0. 
ds ds 


The last equation is recognized as (1) with v — 0 and where the symbols x 
and s play the roles of y and x, respectively. The general solution of the new 
equation is x = cjJo(s) + c2Yo(s). If we resubstitute s, then the general solution of 
mx" + ke "'x = 0 is seen to be 


2 Jk 2 Jik 
x(t) = en ( Ke) s ex (2 Ken) 


See Problems 33 and 39 in Exercises 6.3. [| 


The other model that was discussed in Section 5.1 of a spring whose character- 
istics change with time was mx" + ktx = 0. By dividing through by m, we see that 


k 
the equation x" + —tx = 0 is Airy's equation y" + a?xy = 0. See Example 3 in 
m 


Section 6.1. The general solution of Airy's differential equation can also be written 
in terms of Bessel functions. See Problems 34, 35, and 40 in Exercises 6.3. 


PROPERTIES We list below a few of the more useful properties of Bessel 
functions of order m, m = 0,1,2,..: 


Ò Jn = C- D"J,Q), (ii) J,C7 x) = C D"J,6), 


" hn m>0 lon 
(iii) J„(0) = (iv) lim Y,(x) = — 
l, m=0, x0" 

Note that Property (ii) indicates that J,,(x) is an even function if m is an even 
integer and an odd function if m is an odd integer. The graphs of Yo(x) and Y;(x) in 
Figure 6.3.2 illustrate Property (iv), namely, Y,,(x) is unbounded at the origin. This 
last fact is not obvious from (10). The solutions of the Bessel equation of order 0 can 
be obtained by using the solutions y;(x) in (21) and yo(x) in (22) of Section 6.2. It can 
be shown that (21) of Section 6.2 is yj(x) = Jo(x), whereas (22) of that section is 


1 1 2k 
9 = Ans È Ge Cea oe 


The Bessel function of the second kind of order 0, Yo(x), is then defined to be the 


2 2 
linear combination Yo(x) = — (y — In 2)y,(x) + —y,(x) for x > 0. That is, 
T T 


bet. - Inž aS is aet 
o6) = zy n5 T E. (ky 2 kJ) ^ 


where y = 0.57721566...is Euler’s constant. Because of the presence of the 
logarithmic term, it is apparent that Yo(x) is discontinuous at x — 0. 
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NUMERICAL VALUES The first five nonnegative zeros of Jo(x), Jı(x), Yo(x), and 
Yı (x) are given in Table 6.1. Some additional function values of these four functions 
are given in Table 6.2. 


TABLE 6.1 Zeros of Jo, Jı, Yo, and Yi TABLE 6.2 Numerical Values of Jo, Ji, Yo, and Y, 
Jox) Ji(x) Yox) Yi) x Jo(x) JiQ) Yo(x) Yi(x) 
2.4048 0.0000 0.8936 2.1971 0 1.0000 0.0000 — — 

5.5201 3.8317 3.9577 5.4297 1 0.7652 0.4401 0.0883 —0.7812 
8.6537 7.0156 7.0861 8.5960 2 0.2239 0.5767 0.5104 —0.1070 
11.7915 10.1735 10.2223 11.7492 3 —0.2601 0.3391 0.3769 0.3247 
14.9309 13.3237 13.3611 14.8974 4 —0.3971 —0.0660 —0.0169 0.3979 
5 —0.1776 —0.3276 —0.3085 0.1479 
6 0.1506 —0.2767 —0.2882 —0.1750 
7 0.3001 —0.0047 —0.0259 —0.3027 
8 0.1717 0.2346 0.2235 —0.1581 
9 —0.0903 0.2453 0.2499 0.1043 
10 —0.2459 0.0435 0.0557 0.2490 
11 —0.1712 —0.1768 —0.1688 0.1637 
12 0.0477 —0.2234 —0.2252 —0.0571 
13 0.2069 —0.0703 —0.0782 —0.2101 
14 0.1711 0.1334 0.1272 —0.1666 
15 —0.0142 0.2051 0.2055 0.0211 


DIFFERENTIAL RECURRENCE RELATION  Recurrence formulas that relate 
Bessel functions of different orders are important in theory and in applications. In the 
next example we derive a differential recurrence relation. 


| EXAMPLE 5 Derivation Using the Series Definition 


Derive the formula xJ}(x) = vJ,(x) — xJ 1%). 


SOLUTION It follows from (7) that 


3l s 


n=0 


Dc ene 


(—1y'(2n + v) x gne 
ard. v +n) (5) 


eo (—1yn X \2nt+v 
2 apcecub] 


n=0 nivd *tvt n) 2 i 
2 $ (=i ipee 
= wx) + x n — DIT - v4 n) (5) 
% "Wo ' 
ken 


vJ(x) — x 


oe — 1) tpt 
e HR £u = Wi) — xl). 


AKT +v +h \2 - 


The result in Example 5 can be written in an alternative form. Dividing 
xJ,(x) — vJ (x) = —xJ,4,(x) by x gives 


JA - To = Sy). 
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This last expression is recognized as a linear first-order differential equation in J, (x). 
Multiplying both sides of the equality by the integrating factor x” then yields 


d 
L [x *J,Q] = =a (20) 
It can be shown in a similar manner that 
d 
SEPON (21) 
dx 


See Problem 27 in Exercises 6.3. The differential recurrence relations (20) and (21) 
are also valid for the Bessel function of the second kind Y,(x). Observe that when 
v = 0, it follows from (20) that 


Jo(x) = —J,() and Yo) = =Y). Q2) 


An application of these results is given in Problem 39 of Exercises 6.3. 


SPHERICAL BESSEL FUNCTIONS When the order v is half an odd integer, that 
is, +5, +3, ap 5, ..., the Bessel functions of the first kind J, (x) can be expressed in 
terms of the elementary functions sin x, cos x, and powers of x. Such Bessel functions 


are called spherical Bessel functions. Let's consider the case when v — > From (7), 


œ —]y 2n+ 1/2 
Jyxx) = > =) yo) ; 


a20 nT(1 + 1 +n 


In view of the property T (1 + œ) = al (o) and the fact that T ij = Vr the values 
of r(1 + : + n) for n = 0,n = 1,n = 2, and n = 3 are, respectively, 


r() « r( +3) - i8) - vs 
MOST) we ul Vm VE 
rG) =ru +3) = 3r) = 5 ; a ygs T Mas 7i Va. 

In general, r(1 + - + n) = uL Vm. 

Hence Judd -È E "n E 2 i RE ae oe 


` 22n*lg| 


Since the infinite series in the last line is the Maclaurin series for sin x, we have 


shown that 
d 
Jin) = ,/— sin x. (23) 
TX 


It is left as an exercise to show that 


| 2 
J-3)5€X) = — X. (24) 


See Problems 31 and 32 in Exercises 6.3. 
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6.3.2 LEGENDRE'S EQUATION 


THE SOLUTION Since x = 0 is an ordinary point of Legendre’s equation (2), we 
substitute the series y = £7, c,x*, shift summation indices, and combine series to get 


(1 — xy" — 2xy' + n(n + 1)y = [n(n + Leo + 2c] + [(n — D( + 2)e, + 6cs]x 


œ 


2, IG EDG + Dej + (n= n * j + Dclx! = o0 


+ 
y 


N 


which implies that n(n + 1)co + 2c) = 0 
(n — 1)(n + 2)c, + 664-0 
G+ 2H) + Dew t (n — jan +7 t+ Ie =0 


|. n(n t 1) 
or Q= ^3 ® 
| (n — D(n * 2) 
a 3! E 
(n—j)ntjtl 
E i = 2,3,4,.... 25 
Ls Q-2jg*Dn ^ 7 = 
If we let j take on the values 2, 3, 4, . . . , the recurrence relation (25) yields 
(n — 2)(n + 3) (n — 2)n(n + 1)(n + 3) 
4 SS C5 = Co 
4*3 4! 
| (n—3)n-*4) — (n—3yn —l)n-2)n-4) 
"a 5.4 08 5! ^" 
(n — 4)(n + 5) (n — 4)n — 2)n(n + 1)(n + 3)(n + 5) 
Cg — C4 = Co 
6-5 6! 
(n — 5)(n + 6) (n — 5)(n — 3)(n — 1)(n + 2)(n + 4)(n + 6) 
& = C = €i 
7*6 7! 
and so on. Thus for at least |x| < 1 we obtain two linearly independent power series 
solutions: 
+1 =2 + 1)\(n + 
»09 = a nn tl), | = 2am + DNI) 
2! 4! 
(n = An - 2)n(n + Dn + 3n + 5) , | | 
x soda 
6! (26) 
(n — Dn * 2) 4 , (n — 3n — Dn * 2n t 4) & 
yo(x) = cy] x x + x 
3! 5! 
(n — 5)n — 3n — Dn t 2) * Dat 6) , | 
7 Sel, 


Notice that if n is an even integer, the first series terminates, whereas y2(x) is an 
infinite series. For example, if n = 4, then 


4*5 2:4:5-:7 35 
y(x) = «|1 ET x I = aji — 10x? + Sal 


Similarly, when n is an odd integer, the series for y2(x) terminates with x”; that is, 
when n is a nonnegative integer, we obtain an nth-degree polynomial solution of 
Legendre’s equation. 


=1 403 0.5 1 


FIGURE 6.3.3 Legendre polynomials 
forn = 0, 1, 2,3, 4,5 
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Because we know that a constant multiple of a solution of Legendre’s equation 
is also a solution, it is traditional to choose specific values for co or c1, depending on 
whether n is an even or odd positive integer, respectively. For n = 0 we choose 
co = 1, and for n = 2,4,6,... 


1:3:-:(n— 1) 
— —]y72 : 
co = (CD DIT eee 
whereas for n = 1 we choose c; = 1, and for n = 3,5,7,... 


1:573; sy 
2*4-:--(n— 10) 


= —1)/2 
Cs (-1)" 1)/ 


For example, when n = 4, we have 


1:3 35 1 
y») = ( nr 10x? + 5 e| = z G5 — 30x? + 3). 


LEGENDRE POLYNOMIALS These specific nth-degree polynomial solutions are 
called Legendre polynomials and are denoted by P,(x). From the series for y1(x) 
and y2(x) and from the above choices of co and c, we find that the first several 


Legendre polynomials are 
P(x) = l, P(x) =X, 


P(x) = 53x — 1), P(x) = T — 3x), (27) 


Pœ) = ; Gs = 302° + 3), P(x) = ; (63a! = FOr + 15x). 


Remember, Po(x), Pi(x), P2(x), P3(x),.-. 
differential equations 


are, in turn, particular solutions of the 


0: (1 — xy" — 2xy' = 0, 

1: (0.— xy" — 2xy' + 2y = 0, 
=2: (1 — x5y" — 2xy' + 6y = 0, 

3: (1 — xy" — 2xy' + 12y = 0, 


(28) 


2 a 8 2 
| 


The graphs, on the interval [—1, 1], of the six Legendre polynomials in (27) are 
given in Figure 6.3.3. 


PROPERTIES You are encouraged to verify the following properties using the 
Legendre polynomials in (27). 
(i) P,(—x) = (CDP, œ) 
Gi) P,Q) = 1 (iii) P,(-1) = (- D" 
(iv) P,(0) = 0, (v) P5(0) = 0, 


n odd n even 


Property (i) indicates, as is apparent in Figure 6.3.3, that P,(x) is an even or odd 
function according to whether n is even or odd. 


RECURRENCE RELATION Recurrence relations that relate Legendre polynomi- 
als of different degrees are also important in some aspects of their applications. We 
state, without proof, the three-term recurrence relation 


(k + DPu4Q) — (2k + DxP,G) + kP, = 0, Q9) 


which is valid for k = 1, 2,3,.... In (27) we listed the first six Legendre polynomials. 
If, say, we wish to find Pe(x), we can use (29) with k = 5. This relation expresses Pe(x) 
in terms of the known P4(x) and Ps(x). See Problem 45 in Exercises 6.3. 
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Another formula, although not a recurrence relation, can generate the Legendre 


polynomials by differentiation. Rodrigues" formula for these polynomials is 


1 d" 2 n = 
PAG) = 55 HY, n-012... 


(30) 


See Problem 48 in Exercises 6.3. 


REMARKS 


(i) Although we have assumed that the parameter n in Legendre’s differential 
equation (1 — x2)y" — 2xy' + n(n + 1)y = 0, represented a nonnegative inte- 
ger, in a more general setting n can represent any real number. Any solution of 
Legendre's equation is called a Legendre function. If n is not a nonnegative 
integer, then both Legendre functions y;(x) and y2(x) given in (26) are infinite 
series convergent on the open interval (— 1, 1) and divergent (unbounded) at 
x = +1. If n is a nonnegative integer, then as we have just seen one of the 
Legendre functions in (26) is a polynomial and the other is an infinite series 
convergent for —1 <x < 1. You should be aware of the fact that Legendre's 
equation possesses solutions that are bounded on the closed interval [— 1, 1] 
only in the case when n = 0, 1, 2, .... More to the point, the only Legendre 
functions that are bounded on the closed interval [—1, 1] are the Legendre poly- 
nomials P,(x) or constant multiples of these polynomials. See Problem 47 in 
Exercises 6.3 and Problem 24 in Chapter 6 in Review. 


(ii) In the Remarks at the end of Section 2.3 we mentioned the branch of math- 
ematics called special functions. Perhaps a better appellation for this field of 
applied mathematics might be named functions, since many of the functions 
studied bear proper names: Bessel functions, Legendre functions, Airy func- 
tions, Chebyshev polynomials, Gauss's hypergeometric function, Hermite 
polynomials, Jacobi polynomials, Laguerre polynomials, Mathieu functions, 
Weber functions, and so on. Historically, special functions were the by-product 
of necessity; someone needed a solution of a very specialized differential 
equation that arose from an attempt to solve a physical problem. 


| EXERCISES 6.3 


Answers to selected odd-numbered problems begin on page ANS-10. 


6.3.1 


BESSEL'S EQUATION 


In Problems 7—10 use (12) to find the general solution of the 


given differential equation on (0, oc). 


In Problems 1—6 use (1) to find the general solution of the 
given differential equation on (0, ~). 


+ xy’ + (2 -iy =0 

+ xy’ +(x? - 1)y=0 

. Ax2y" + Axy! + (4x? — 25)y =0 

. 16x2y" + 16xy' + (16x? — y =0 


. xy" +y - xy 20 


; ( *) 
.—[xy'] - ix ^ -]y ^ 0 
X x 


7. x*y" + xy! + (9x? - Ay =0 
8. xy” + xy’ + (36x? — y =0 
9. xy” + xy! + (25x? E SY =0 


10. x2y" + xy’ + (2x? — 64)y = 0 


In Problems 11 and 12 use the indicated change of variable 
to find the general solution of the given differential equation 


on (0, oo). 


11. x2y" + 2xy' + axy 20; y=x Wx) 


12. xy" + (ax? -v + y =O: y= WevQ) 


In Problems 13—20 use (18) to find the general solution of 
the given differential equation on (0, oo). 

13. xy" + 2y' +4y=0 14. xy" + 3y' c xy =0 

15. xy" — y' - xy 20 16. xy" — 5y' +xy=0 
17. x*y" + (x? - 2p 2 0 

18. 4x2y" + (16x? + Dy 2 0 

19. xy" + 3y' + xy =0 

20. 9x?y" + Oxy’ + (x? — 36)y =0 


21. Use the series in (7) to verify that /,(x) = i " J, (ix) isa 
real function. 


22. Assume that b in equation (18) can be pure imaginary, that 
is, b = Bi, B > 0, i? = —1. Use this assumption to express 
the general solution of the given differential equation in 
terms the modified Bessel functions 7, and K,.. 


(a) y" — x2y 2 0 (b) xy" + y' — 7x3y =0 


In Problems 23 —26 first use (18) to express the general solu- 
tion of the given differential equation in terms of Bessel func- 
tions. Then use (23) and (24) to express the general solution in 
terms of elementary functions. 
23. y' c y 20 
24. x?y" + Axy' + (x? + 2)y 20 
25. 16x?y" + 32xy' + (xt — 12)y =0 
26. Ax?y" — 4xy’ + (16x? + 3)y = 0 
27. (a) Proceed as in Example 5 to show that 
XS (x) = —vJ,(x) + xJ). 
[Hint: Write 2n + v = 2(n + v) — v.] 
(b) Use the result in part (a) to derive (21). 


28. Use the formula obtained in Example 5 along with 
part (a) of Problem 27 to derive the recurrence relation 


2vJ,(x) = xJy+1 x) + xJy—1(X). 


In Problems 29 and 30 use (20) or (21) to obtain the given 
result. 


29. f "ud samo wnae 


0 
31. Proceed as on page 247 to derive the elementary form of 
J -172(x) given in (24). 


32. (a) Use the recurrence relation in Problem 28 along 
with (23) and (24) to express J3/2(x), J—3/2(x), and 
J5/2(x) in terms of sin x, cos x, and powers of x. 


(b) Use a graphing utility to graph Ji/2(X), J-1/2(x), 
J3/2(x), J-3/2(x), and Js; (x). 
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2 |k 
33. Use the change of variables s = — E e *'? to show 
a\m 


that the differential equation of the aging spring 
mx" + ke *'x = 0, a > 0, becomes 


dx 

s? +s—+s’x =0. 
ds? ds 

34. Show that y — x 2w(2a3?2) is a solution of Airy's 


differential equation y" + a?xy = 0, x > 0, whenever 
w is a solution of Bessel's equation of order i, that 
is, Cw" + tw’ + (? — 3 w=0, t>0. [ Hint: After 
differentiating, substituting, and simplifying, then let 
t= Fax! 2] 
35. (a) Use the result of Problem 34 to express the general 
solution of Airy’s differential equation for x > 0 in 
terms of Bessel functions. 


(b) Verify the results in part (a) using (18). 


36. Use the Table 6.1 to find the first three positive eigenval- 
ues and corresponding eigenfunctions of the boundary- 
value problem 


xy" 4 y! EN Axy = 0, 
y(x), y'(x) bounded as x — 0*, y(2) = 0. 


[Hint: By identifying A = a7, the DE is the parametric 
Bessel equation of order zero.] 


37. (a) Use (18) to show that the general solution of the 
differential equation xy" + Ay = 0 on the interval 
(0, %) is 


y= ci VxJ(2 Vx) + c VxY(2 Vx). 


(b) Verify by direct substitution that y = VxJ (2 Vx) 
is a particular solution of the DE in the case A — 1. 


Computer Lab Assignments 


38. Usea CAS to graph the modified Bessel functions /o(x), 
IQ), h(x) and Ko(x), Ki(x), Ko(x). Compare these 
graphs with those shown in Figures 6.3.1 and 6.3.2. 
What major difference is apparent between Bessel func- 
tions and the modified Bessel functions? 


39. (a) Use the general solution given in Example 4 to 
solve the IVP 


Axe" e, ai)cd, 319) =<), 


Also use Jo(x) = —J,(x) and Yo(x) = —Y,(x) along 
with Table 6.1 or a CAS to evaluate coefficients. 


(b) Usea CAS to graph the solution obtained in part (a) 
forü0x tx o. 
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40. 


41. 


42. 
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(a) Use the general solution obtained in Problem 35 to 
solve the IVP 


4x" + 1x 20, x(0.1)= 1, x(01) = —} 


2 
Use a CAS to evaluate coefficients. 


(b) Usea CAS to graph the solution obtained in part (a) 
for 0 x t x 200. 


Column Bending Under Its Own Weight A uniform 
thin column of length L, positioned vertically with one 
end embedded in the ground, will deflect, or bend away, 
from the vertical under the influence of its own weight 
when its length or height exceeds a certain critical value. 
It can be shown that the angular deflection 0 (x) of the 
column from the vertical at a point P(x) is a solution of 
the boundary-value problem: 


2 


d*o 
EI —, + óg(L — x)0 = 0, 
dx 


where E is Young's modulus, / is the cross-sectional 
moment of inertia, 6 is the constant linear density, and x 
is the distance along the column measured from its base. 
See Figure 6.3.4. The column will bend only for those 
values of L for which the boundary-value problem has a 
nontrivial solution. 


0(0) —0, 8'(L) = 0, 


(a) Restate the boundary-value problem by making the 
change of variables t = L — x. Then use the results 
of a problem earlier in this exercise set to express 
the general solution of the differential equation in 
terms of Bessel functions. 


(b) Use the general solution found in part (a) to find a 
solution of the BVP and an equation which defines 
the critical length L, that is, the smallest value of 
L for which the column will start to bend. 

(c) With the aid of a CAS, find the critical length L 
of a solid steel rod of radius r= 0.05 in., 
8g = 0.28 A Ib/in., E = 2.6 X 107 Ib/in2, A = ar?, 
and J = fart, 


FIGURE 6.3.4 Beam in Problem 41 


Buckling of a Thin Vertical Column In Example 3 
of Section 5.2 we saw that when a constant vertical 
compressive force, or load, P was applied to a thin 


43. 


column of uniform cross section and hinged at both 
ends, the deflection y(x) is a solution of the BVP: 


d?y 
El paT 2% y(0) = 0, y(L) = 0. 
X 


(a) If the bending stiffness factor EI is proportional 
to x, then E/(x) = kx, where k is a constant of 
proportionality. If EI(L) = kL = M is the maxi- 
mum stiffness factor, then k= M/L and so 
EI(x) = Mx/L. Use the information in Problem 37 
to find a solution of 

2 
MX? + Py=0, yO =0, 


T= 
L dx? yŒ) =0 


if it is known that Vx Y,(2 VAx)is not zero atx = 0. 
Use Table 6.1 to find the Euler load P, for the 
column. 


(c) Use a CAS to graph the first buckling mode y; (x) 
corresponding to the Euler load P,. For simplicity 
assume that c; — 1 and L — 1. 


(b 


— 


Pendulum of Varying Length For the simple pendu- 
lum described on page 209 of Section 5.3, suppose that 
the rod holding the mass m at one end is replaced by a 
flexible wire or string and that the wire is strung over a 
pulley at the point of support O in Figure 5.3.3. In this 
manner, while it is in motion in a vertical plane, the 
mass m can be raised or lowered. In other words, the 
length /(f) of the pendulum varies with time. Under 
the same assumptions leading to equation (6) in Section 
5.3, it can be shown" that the differential equation for 
the displacement angle 0 is now 


10" + 21'6' + gsin 0 = 0. 


(a) If / increases at constant rate v and if /(0) = lo, 
show that a linearization of the foregoing DE is 


(31) 
(b) Make the change of variables x = (Io + vt)/v and 
show that (31) becomes 
dO 2d0 g 
+ + 


dx? xdx vx 


(lg + vt)0" + 2v0' + g0 — 0. 


— 0. 


(c) Use part (b) and (18) to express the general solution 
of equation (31) in terms of Bessel functions. 

(d) Use the general solution obtained in part (c) to solve 
the initial-value problem consisting of equation (31) 
and the initial conditions 0(0) — 0o, 0'(0) = O. 
[Hints: To simplify calculations, use a further 


2 
change of variable u = — V/g(lg + vt) = ND 
y 


y 


“See Mathematical Methods in Physical Sciences, Mary Boas, John Wiley 
& Sons, Inc., 1966. Also see the article by Borelli, Coleman, and Hobson 
in Mathematics Magazine, vol. 58, no. 2, March 1985. 


Also, recall that (20) holds for both J; (u) and Y,(u). 
Finally, the identity 


2 
J DYW) — J GDY, (u) = — — will be helpful.] 
TU 


(e) Use a CAS to graph the solution 0(f) of the 


IVP in past (d) when J) = 1 ft, 69 = 6 radian, 


and v = « a; ft/s. Experiment with the graph using 
different [M intervals such as [0, 10], [0, 30], 
and so on. 


(f) What do the graphs indicate about the displacement 
angle 0(7) as the length / of the wire increases with 
time? 


6.3.2. LEGENDRE'S EQUATION 


44. (a) Use the explicit solutions y,(x) and yo(x) of 
Legendre's equation given in (26) and the appropri- 
ate choice of co and c, to find the Legendre polyno- 
mials P(x) and P; (x). 

(b) Write the differential equations for which Pg(x) 
and P7(x) are particular solutions. 


45. Use the recurrence relation (29) and Po(x) = 1, Pi(x) = x, 
to generate the next six Legendre polynomials. 


46. Show that the differential equation 


d’y dy 
sin 0 — 10? Ld cos 0 d8 + n(n + 1)(sin 0—)y = 0 


47. 
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can be transformed into Legendre’s equation by means 
of the substitution x = cos 0. 


Find the first three positive values of A for which the 
problem 
(1 — xy" — 2xy' + Ay = 0, 


y(0) 20, y(x), y'Q) bounded on [- 1,1] 


has nontrivial solutions. 


Computer Lab Assignments 


48. 


49. 


50. 


For purposes of this problem ignore the list of Legendre 
polynomials given on page 249 and the graphs given 
in Figure 6.3.3. Use Rodrigues' formula (30) to gener- 
ate the Legendre polynomials P(x), P2(x), . . . , P7(x). 
Use a CAS to carry out the differentiations and 
simplifications. 


Use a CAS to graph Pix), P(x), ..., P5(x) on the 
interval [— 1, 1]. 


Use a root-finding application to find the zeros of 
P(x), Po(x),..., P5 x). If the Legendre polynomials 
are built-in functions of your CAS, find zeros of 
Legendre polynomials of higher degree. Form a con- 
jecture about the location of the zeros of any Legendre 
polynomial P,,(x), and then investigate to see whether it 
is true. 


CHAPTER 6 IN REVIEW 


Answers to selected odd-numbered problems begin on page ANS-10. 


In Problems | and 2 answer true or false without referring 
back to the text. 


1. The general solution of XY "+ xy! + (x? — 1)y = Ois 
y = cJ (x) + cJ- (x). 


2. Because x=0 is an irregular singular point of 
x3y" — xy’ + y = 0, the DE possesses no solution that 


is analytic at x = 0. 


3. Both power series solutions of y” + In(x + ly’ + y=0 
centered at the ordinary point x — 0 are guaranteed 
to converge for all x in which one of the following 


intervals? 
(a) > (b) (—1, o») 
( [75.3 (d) [—1, 1] 


4. x = 0 is an ordinary point of a certain linear differential 
equation. After the assumed solution y = 2. c,x" is 


substituted into the DE, the following algebraic system 


is obtained by equating the coefficients of x°, x!, x’, 


and x? to zero: 
2c, + 2c, +c) 0 
6c3 + 4c; + c, = 0 
12c, + 6c4 + c; — Ic =0 
20c; + 8c4 + c4 — Ho = 0. 


Bearing in mind that co and c are arbitrary, write down 
the first five terms of two power series solutions of the 
differential equation. 


. Suppose the power series È%-o c,(x — 4)* is known 


to converge at —2 and diverge at 13. Discuss whether 
the series converges at —7, 0, 7, 10, and 11. Possible 
answers are does, does not, might. 
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6. Use the Maclaurin series for sin x and cos x along with 
long division to find the first three nonzero terms of a 
sinx 


power series in x for the function f(x) = ; 
cosx 


In Problems 7 and 8 construct a linear second-order differen- 
tial equation that has the given properties. 


7. A regular singular point at x — 1 and an irregular 
singular point at x = 0 


8. Regular singular points at x — 1 and at x — —3 


In Problems 9—14 use an appropriate infinite series method 
about x = 0 to find two solutions of the given differential 
equation. 


9. 2xy" +y - y 20 
11. x— Dy" + 3y 20 
13. xy" — (x + 2)y' + 2y 20 


10. y," — xy —- y 2*0 
12. y" — x2y' - xy 2 0 
14. (cos x)y" - y 20 

In Problems 15 and 16 solve the given initial-value problem. 
15. y" + xy +2y=0, y(0-23,y' (0) = -2 

16. (x + 2)y"+ 3y 20, y(O) =0,y'(0) = 1 


17. Without actually solving the differential equation 
(1 — 2 sin x)y" + xy = 0, find a lower bound for the 
radius of convergence of power series solutions about 
the ordinary point x = 0. 


18. Even though x = 0 is an ordinary point of the differen- 
tial equation, explain why it is not a good idea to try to 
find a solution of the IVP 


yay y= 0, y= -6, y()-3 


of the form y = 2.9 c,x". Using power series, find a 
better way to solve the problem. 


In Problems 19 and 20 investigate whether x = 0 is an ordi- 
nary point, singular point, or irregular singular point of 
the given differential equation. [Hint: Recall the Maclaurin 
series for cos x and e".] 


19. xy" + (1 — cos yy’ + xy 20 

20. ( —1— x)y" - xy 20 

21. Note that x = 0 is an ordinary point of the differential 
equation y" + x?y' + 2xy = 5 — 2x + 10x?. Use the 
assumption y = 2. c,x" to find the general solution 
y = yc + yp that consists of three power series centered 
at x = 0. 

22. The first-order differential equation dy/dx = x? + y? 
cannot be solved in terms of elementary functions. 


However, a solution can be expressed in terms of Bessel 
functions. 


ld 
(a) Show that the substitution y = —— F leads to the 
u dx 


equation u” + x?u = 0. 
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(b) Use (18) in Section 6.3 to find the general solution 
of u" + x2u = 0. 


(c) Use (20) and (21) in Section 6.3 in the forms 


Ao) = AQ) - Ju(9 


and Jœ) = — AQ) + JLaQ) 


as an aid to show that a one-parameter family of 
solutions of dy /dx = x? + y? is given by 


_ uen) - cJ au(x?) 


cJud ix?) + Jide) 


23. (a) Use (23) and (24) of Section 6.3 to show that 


|2 
Yn) = — = 


(b) Use (15) of Section 6.3 to show that 


|2 [2 
L(x) = = sinh x and Lip) = ae 


(c) Use part (b) to show that 


|a 
Ky.) = oo 


24. (a) From (27) and (28) of Section 6.3 we know 
that when n = 0, Legendre’s differential equation 
(1 — x2)y" — 2xy' = 0 has the polynomial solu- 
tion y = Po(x) = 1. Use (5) of Section 4.2 to show 
that a second Legendre function satisfying the DE 
for =] <x lis 


2d (=) 

d =g 
(b) We also know from (27) and (28) of Section 6.3 
that when n = 1, Legendre’s differential equation 
(1 — x2)y" — 2xy' + 2y = 0 possesses the polyno- 
mial solution y = P(x) = x. Use (5) of Section 4.2 


to show that a second Legendre function satisfying 
the DE for -1 < x < Iis 


ži ( + j 1 

— C]n = 

dE umm 

(c) Use a graphing utility to graph the logarithmic 
Legendre functions given in parts (a) and (b). 


25. (a) Use binomial series to formally show that 


(1 — 2xt + 2)? = SP wr. 
n-0 
(b) Use the result obtained in part (a) to show that 
P,(1) = 1 and P,(—1) = (— 1)". See Properties (ii) 
and (iii) on page 249. 


THE LAPLACE TRANSFORM 


7.1 Definition of the Laplace Transform 
7.2 Inverse Transforms and Transforms of Derivatives 
7.2.1 Inverse Transforms 
7.2.2 Transforms of Derivatives 
7.3 Operational Properties I 
7.3.1 Translation on the s-Axis 
7.3.2 Translation on the t-Axis 
7.4 Operational Properties II 
7.4.1 Derivatives of a Transform 
7.4.2 Transforms of Integrals 


7.4.3 Transform of a Periodic Function 
7.5 The Dirac Delta Function 
7.6 Systems of Linear Differential Equations 
CHAPTER 7 IN REVIEW 


In the linear mathematical models for a physical system such as a spring/mass 
system or a series electrical circuit, the right-hand member, or input, of the 


differential equations 


Ie nate ee) penc E ee 
PUE Or = 
"qe dt 4 dt? a C 


is a driving function and represents either an external force f(t) or an impressed 
voltage E(t). In Section 5.1 we considered problems in which the functions f and E 
were continuous. However, discontinuous driving functions are not uncommon. 
For example, the impressed voltage on a circuit could be piecewise continuous and 
periodic such as the “sawtooth” function shown above. Solving the differential 
equation of the circuit in this case is difficult using the techniques of Chapter 4. 
The Laplace transform studied in this chapter is an invaluable tool that simplifies 


the solution of problems such as these. 
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7.1 


DEFINITION OF THE LAPLACE TRANSFORM 


REVIEW MATERIAL 


e Improper integrals with infinite limits of integration 
e Partial fraction decomposition 


INTRODUCTION In elementary calculus you learned that differentiation and integration are 
transforms; this means, roughly speaking, that these operations transform a function into another 


function. For example, the function f(x) = x? is transformed, in turn, into a linear function and 
a family of cubic polynomial functions by the operations of differentiation and integration: 


d 1 
—X = 2x and fe dx = 3* t c. 


Moreover, these two transforms possess the linearity property that the transform of a linear 
combination of functions is a linear combination of the transforms. For o and £ constants 


d 
a, UJ UOCE Beo = af (a) + Ba’) 


and [tare + Bg(x)] dx = «[ro dx + e [so dx 


provided that each derivative and integral exists. In this section we will examine a special type of 
integral transform called the Laplace transform. In addition to possessing the linearity property the 
Laplace transform has many other interesting properties that make it very useful in solving linear 
initial-value problems. 


INTEGRAL TRANSFORM If f(x, y) is a function of two variables, then a definite 


integral of f with respect to one of the variables leads to a function of the other vari- 
able. For example, by holding y constant, we see that [?2xy? dx = 3y?. Similarly, a 
definite integral such as f? K(s, t) f(t) dt transforms a function f of the variable t into 
a function F of the variable s. We are particularly interested in an integral transform, 
where the interval of integration is the unbounded interval [0, ~). If (t) is defined for 
t = 0, then the improper integral fọ K(s, t) f(t) dt is defined as a limit: 


b 


f “KG, NSO) dt = lim i K(s, t) f(t) at. (1) 
0 FER Jo 


If the limit in (1) exists, then we say that the integral exists or is convergent; if the 
limit does not exist, the integral does not exist and is divergent. The limit in (1) will, 
in general, exist for only certain values of the variable s. 


A DEFINITION The function K(s, f) in (1) is called the kernel of the transform. 


The choice K(s, f) = e *' as the kernel gives us an especially important integral 
transform. 


DEFINITION 7.1.1 Laplace Transform 


Let f be a function defined for t = 0. Then the integral 


ioe) 


L{ FO} = Í e ™ f(t) dt (2) 


0 


is said to be the Laplace transform of f, provided that the integral converges. 
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When the defining integral (2) converges, the result is a function of s. In general 
discussion we shall use a lowercase letter to denote the function being transformed 
and the corresponding capital letter to denote its Laplace transform—for example, 


LJO = FO), LA =e) L{yo} = Ys). 


I EXAMPLE 1 Applying Definition 7.1.1 


Evaluate {1}. 


SOLUTION From (2), 


co b 
Z1) -Í e (1) dt = lim f e ^ dt 
0 b Jo 


—e | i -e > +] 1 
= jim = 
0 poo s s 


= lim 
bow $ 


provided that s > 0. In other words, when s > 0, the exponent —sb is negative, and 
e °° — 0 asb — œ. The integral diverges for s < 0. H 


The use of the limit sign becomes somewhat tedious, so we shall adopt the 
notation [o as a shorthand for writing lim; ( ) Ib. For example, 


—p st |? 1 


v= ['ea- hog #2 


At the upper limit, it is understood that we mean e "' > 0 as t — œ for s > 0. 


I EXAMPLE 2 Applying Definition 7.1.1 


Evaluate S {t}. 


SOLUTION From Definition 7.1.1 we have Z(t] = fọ e "' t dt. Integrating by parts 
and using lim fte * = 0, s > 0, along with the result from Example 1, we obtain 
to 


“1 {* 1 1/1 1 
+f e“dt=-L{lh= (+) = z. E 
s Jo sS s\s = 


0 M 


te 


L{t} = = 


| EXAMPLE 3 Applying Definition 7.1.1 


Evaluate {e73}. 
SOLUTION From Definition 7.1.1 we have 


S^ (e 4} — f eg 3g? dt — f e S+3) dt 
0 0 


—e Gt 3)t 


oc 


s+3 lo 


The result follows from the fact that lim,» e 6*?' — 0 for s+3>0 or 
S2 —3. [| 
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l EXAMPLE 4 Applying Definition 7.1.1 


Evaluate S {sin 2t}. 


SOLUTION From Definition 7.1.1 and integration by parts we have 


f * . —e^* sin 2t 2 [^ 
S (sin 21) = e^ sin 2t dt = —— — — | += e cos 2t dt 
0 5 0 S Jo 
2 oo 
a €^! cos 2t dt, 520 
S Jo 
lime * cos 2r=0,s 0 Laplace transform of sin 2t 
bay | 
2[—e^*cos2t|^ 2 |” . 
= EM —- &^* sin 2t dt 
S 0 S Ju 
2 4 
= — — 52 [sin 2t]. 
s s? { } 


At this point we have an equation with S {sin 2t} on both sides of the equality. 
Solving for that quantity yields the result 


L{sin 2t} = 


, s 0. EH 
$ +4 


£ IS A LINEAR TRANSFORM Fora linear combination of functions we can write 


Í e [aft + Bg(r)] dt = af e "f(t) dt + e| e g(t) dt 
0 0 0 
whenever both integrals converge for s > c. Hence it follows that 


Piaf) + Bg()) = aL{fO} + BL{gO} = aF(s) + BG). (3) 


Because of the property given in (3), £ is said to be a linear transform. For example, 
from Examples 1 and 2 


SL{1 + 5t} = L{1} + 5Z(t) = 


Ha 
M 2 


5 
and from Examples 3 and 4 

20 
sSt3 s-MW 


SZ (4e-* — 10 sin 2t} = 4Z(e-?) — 10L{sin 2t} = 


We state the generalization of some of the preceding examples by means of the 
next theorem. From this point on we shall also refrain from stating any restrictions on 
5; it is understood that s is sufficiently restricted to guarantee the convergence of the 
appropriate Laplace transform. 


THEOREM 7.1.1 Transforms of Some Basic Functions 


1 
(UAI — 
S 
! 
(b £m = a L2. oarn 


(d) L{sin kt} = 


(e) L{cos kt} = 


S 
Sk A 


(f) L{sinh kt} = < 


s 
7 (g) L{cosh kt} = 2A 


— k 


fO 


FIGURE 7.1.1 Piecewise continuous 


function 


ft) 4 Me“ (c > 0) 


fo 


~Y 


l 
l 
l 
T 


FIGURE 7.1.2 fis of exponential 


order c. 


TO) + ot py eet 


= 
e t 


FIGURE 7.1.4 e” is not of exponential 


order 
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SUFFICIENT CONDITIONS FOR EXISTENCE OF Z(f(t)) The integral that 
defines the Laplace transform does not have to converge. For example, neither 
L{1/t} nor Lf{e"} exists. Sufficient conditions guaranteeing the existence of 
S (f (t)) are that f be piecewise continuous on [0, o») and that fbe of exponential order 
for t > T. Recall that a function f is piecewise continuous on [0, o) if, in any inter- 
val 0x at b, there are at most a finite number of points fj, k = 1, 2,..., 
n (fy | < ty) at which f has finite discontinuities and is continuous on each open 
interval (tz—1, tj). See Figure 7.1.1. The concept of exponential order is defined in 
the following manner. 


| DEFINITION 7.1.2 Exponential Order 


A function f is said to be of exponential order c if there exist constants 
c, M > 0, and T > 0 such that | f(t)| 5 Me“ for all t > T. 


If f is an increasing function, then the condition | /(?)| = Me“, t > T, simply 
states that the graph of f on the interval (T, o») does not grow faster than the graph 
of the exponential function Me“, where c is a positive constant. See Figure 7.1.2. 
The functions f(f) = t, f(f) =e ', and f(t) = 2 cos t are all of exponential order 
c = 1 for t > 0, since we have, respectively, 

I! se, || e, and  |2cost| x 2e. 


A comparison of the graphs on the interval (0, ©) is given in Figure 7.1.3. 


fO FOF 


2 cost 


~Y 


-Y 


(a) (b) (c) 


FIGURE 7.1.3 Three functions of exponential order c — 1 


A function such as f(t) = e" is not of exponential order, since, as shown in 
Figure 7.1.4, its graph grows faster than any positive linear power of e for t > c > 0. 
A positive integral power of t is always of exponential order, since, for c > 0, 


t" 
|"| Me" or —|*M fort>T 
e 
is equivalent to showing that lim,.,.. 1"/ e^'is finite for n = 1, 2, 3, . . . . The result fol- 


lows by n applications of L' Hópital's Rule. 


THEOREM 7.1.2 Sufficient Conditions for Existence 


If f is piecewise continuous on [0, o») and of exponential order c, then L{ f(O} 
exists for s > c. 
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yA 
2 $— — 
|! 
I 
B I 
| 
— r 
3 t 


FIGURE 7.1.5 Piecewise continuous 
function 


PROOF By the additive interval property of definite integrals we can write 


T 


oo 


e^ f(t) dt + f e^ f(t) dt =h +h. 


T 


LFO -Í 


The integral J; exists because it can be written as a sum of integrals over intervals 
on which e™* f(t) is continuous. Now since f is of exponential order, there exist 
constants c, M > 0, T > 0 so that | f(| = Me“ for t > T. We can then write 


e G-oT 


IAE f le "f(o| at = uf e “edt = uf e 6 dt = M 


S—C 


for s >c. Since f} Me 5 ?' dt converges, the integral [7| e^ f(r)| dt converges 
by the comparison test for improper integrals. This, in turn, implies that J, exists 
for s > c. The existence of J; and Jy implies that S{ f(D} = fő e “f(A dt exists for 
SZG mH 


l EXAMPLE 5 Transform of a Piecewise Continuous Function 


0, 0zr«3 


Evaluate L {f()} where f(t) = t t=3 


SOLUTION The function f, shown in Figure 7.1.5, is piecewise continuous and of 
exponential order for t > 0. Since fis defined in two pieces, £ ( f(t)) is expressed as 
the sum of two integrals: 


3 


oo 


PIFO = Í "ef0 dt — Í e^" (0) dt + [ e^ (2) dt 


= : $220. [| 


We conclude this section with an additional bit of theory related to the types of 
functions of s that we will, generally, be working with. The next theorem indicates that 
not every arbitrary function of s is a Laplace transform of a piecewise continuous func- 
tion of exponential order. 


| THEOREM 7.1.3 Behavior of F(s) as s — œ 


If f is piecewise continuous on (0, 9») and of exponential order and 
F(s) = L{ f(}, then lim F(s) = 0. 


PROOF Since f is of exponential order, there exist constants y, M; > 0, and T > 0 
so that | f()| = Mie” for t > T. Also, since fis piecewise continuous for 0 = t — T, it 
is necessarily bounded on the interval; that is, fO < M» = M2e™. If M denotes the 
maximum of the set (Mj, M2} and c denotes the maximum of (0, y}, then 


|F(s)| [ e| f(t)|dr = uf e “edt = mÍ e 6-9 dt = 


Se =g 


for s > c. As s — ©, we have | F(s)| — 0, and so F(s) = {f} — 0. [| 
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REMARKS 


(i) Throughout this chapter we shall be concerned primarily with functions 
that are both piecewise continuous and of exponential order. We note, however, 
that these two conditions are sufficient but not necessary for the existence of a 
Laplace transform. The function f(t) = t^? is not piecewise continuous on 
the interval [0, œ), but its Laplace transform exists. See Problem 42 in 
Exercises 7.1. 


(ii) As a consequence of Theorem 7.1.3 we can say that functions of s such as 
F(s) = 1 and Fy(s) = s/(s + 1) are not the Laplace transforms of piecewise 
continuous functions of exponential order, since Fi(s) 7» 0 and F>(s) 7» 0 as 
s — co, But you should not conclude from this that F;(s) and F5(s) are not Laplace 
transforms. There are other kinds of functions. 


| EXERCISES 7.1 


Answers to selected odd-numbered problems begin on page ANS-10. 


In Problems 1—18 use Definition 7.1.1 to find Z(f(1)]. 10. ft) 
=]; Ost<1 ç m 
1. f@ = , ES 
f L lie T 
t 
0st<2 e 
2. f) = > FIGURE 7.1.9 Graph for Problem 10 
à t=2 
Q]$ O=t<1 EP = -21-5 
3. f(t) = ti eed 11. f® =e , 12. f(t) = : 
13. = fet . = tre“! 
2+1, 3. f() = te 14. f() = Pe 
4. f(t) = 0 15. f() = e™ sint 16. f(t) = e cos t 
sin f, 17. f(t) = t cost 18. f(t) = tsin t 
5 fO — 1g 
i In Problems 19—36 use Theorem 7.1.1 to find Z{f()}. 
0, 
6. fO zi 19. f(t) = 214 20. f(t) = 6 
21. f(t) = 4t — 10 22. f(t) = Tt + 3 
23. f( = 1? + 6t — 3 24. f(t) = —417 + 16t + 9 
25. f(t) = (t+ 1» 26. f(t) = (2t — 1» 
27. f(t) =1+ e^ 28. f=? e? 5 
FIGURE 7.1.6 Graph for Problem 7 29. F) = (1 + e?y 30. f() = (e! — ey 
8. f 0,2) 31. f(t) = 4? — 5 sin 3t 32. f(t) = cos 5t + sin 2t 
; 33. f(t) = sinh kt 34. f(t) = cosh kt 
35. f(t) = e' sinh t 36. f(t) = e cosh t 
t 
: In Problems 37—40 find Z(f(t)) by first using a trigono- 
FIGURE 7.1.7 Graph for Problem 8 metric identity. 
9. fO 37. f(i) = sin 2t cos 2t 38. f(t) = cos?t 
1 T 
39. f(t) = sin(4t + 5) 40. f(t) = 10 E = z) 
t 
i 41. One definition of the gamma function is given by the 
FIGURE 7.1.8 Graph for Problem 9 improper integral l'(a) = f$ t? le dt, « > 0. 
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(a) Show that I'(a + 1) = aF (a). the observation that ? > In M + ct, for M > 0 and t 
I(o + 1) sufficiently large, show that e^ > Me“ for any c? 
(b) Show that £{t*} = ————. a> -l. 
se 46. Use part (c) of Theorem 7.1.1 to show that 
42. Use the fact that r(}) = Vi and Problem 41 to find the S (e(e*ibr) = oe where a and b are real 
s—a 


Laplace transform of 


@yfOo=r'? (jus? O fO = pe. 


and i? = —1. Show how Euler’s formula (page 134) can 


then be used to deduce the results 
Discussion Problems Lte” cos bt} = TE UNT 
43. Make up a function F(t) that is of exponential order but (s — a) 
where f(t) = F(t) is not of exponential order. Make up deréitán dd = b 
a function f that is not of exponential order but whose {esin bt} = (s — a)? + b? 


Laplace transform exists. 
47. Under what conditions is a linear function 
44. Suppose that S{f\(O} = Fi(s) for s>cı and that f(x) = mx + b, m # 0, a linear transform? 


Lf} = F(s) for s > c2. When does 
48. The proof of part (b) of Theorem 7.1.1 requires 


PAO + HO} = Fis) + FX»? the use of mathematical induction. Show that if 
45. Figure 7.1.4 suggests, but does not prove, that the func- S (71) = (n — 1)!/s" is assumed to be true, then 
tion f(t) = e” is not of exponential order. How does S (1^) = n!/s"*! follows. 


7.2 INVERSE TRANSFORMS AND TRANSFORMS 
OF DERIVATIVES 


REVIEW MATERIAL 


e Partial fraction decomposition 
e See the Student Resource and Solutions Manual 


INTRODUCTION In this section we take a few small steps into an investigation of how 
the Laplace transform can be used to solve certain types of equations for an unknown function. 
We begin the discussion with the concept of the inverse Laplace transform or, more precisely, 
the inverse of a Laplace transform F(s). After some important preliminary background material 
on the Laplace transform of derivatives f'(t), f"(t), . . ., we then illustrate how both the Laplace 
transform and the inverse Laplace transform come into play in solving some simple ordinary 
differential equations. 


7.2.1 INVERSE TRANSFORMS 


THE INVERSE PROBLEM If F(s) represents the Laplace transform of a function 
f(D, that is, ZZ (f(r)) = F(s), we then say f(t) is the inverse Laplace transform of 
F(s) and write f(t) = 5 !(F(s)]. For example, from Examples 1, 2, and 3 of 
Section 7.1 we have, respectively, 


Transform Inverse Transform 
1 1 
L{1} =- i-a 
S s 
1 1 
Li} -- = ot] 
Ss” Ss” 
1 1 
=H = = = =] 
Lem s+3 j 4 f + +} 
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We shall see shortly that in the application of the Laplace transform to equa- 
tions we are not able to determine an unknown function f(t) directly; rather, we are 
able to solve for the Laplace transform F(s) of f(f); but from that knowledge 
we ascertain f by computing f() = S£ !(F(s)). The idea is simply this: Suppose 
—2s + 6 
F(s) = ares is a Laplace transform; find a function f(t) such that L{f(1)} = F(s). 
s 
We shall show how to solve this last problem in Example 2. 
For future reference the analogue of Theorem 7.1.1 for the inverse transform is 
presented as our next theorem. 


THEOREM 7.2.1 Some Inverse Transforms 


(a) 1 = sli 
M 


! 1 
(b) ” = | “I, eae ges sal | 
S o 
k S 
A = g= = mes 
(d) sin kt = £ {3 " zl (e) cos kt = £ {= " zl 
k 
(f) sinh kt — sl- z zl (g) cosh kt — sl- - zl 


In evaluating inverse transforms, it often happens that a function of s under con- 
sideration does not match exactly the form of a Laplace transform F(s) given in a 
table. It may be necessary to "fix up" the function of s by multiplying and dividing 
by an appropriate constant. 


| EXAMPLE 1 Applying Theorem 7.2.1 


E eid 
Evaluate (a) £ E (b) £ 247 


SOLUTION (a) To match the form given in part (b) of Theorem 7.2.1, we identify 
n+ 1=5orn = 4 and then multiply and divide by 4!: 


1 1 4! 1 
ATEN a at Ft Ll 44 
2 IH 4! T [5] 24^ 


(b) To match the form given in part (d) of Theorem 7.2.1, we identify k? = 71, so 
k = V7. We fix up the expression by multiplying and dividing by V7: 


Silo ioa f V1. 
F [x A” [| V sin. a 


L-1 IS A LINEAR TRANSFORM The inverse Laplace transform is also a linear 
transform; that is, for constants a and B 


4 '(aF(s) + BG(s)} = a£ '(F()) + B£ '(GG)), (1) 


where F and G are the transforms of some functions f and g. Like (2) of Section 7.1, 
(1) extends to any finite linear combination of Laplace transforms. 
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| EXAMPLE 2 Termwise Division and Linearity 


—2s + 6 
Evaluate Z fl 


$ +4 


SOLUTION We first rewrite the given function of s as two expressions by means of 
termwise division and then use (1): 


termwise linearity and fixing 
division up constants | 


6 ee 6 | = e] : s|- 


$ +4 +4 $ +4 ES Q) 


= —2cos2t + 3 sin 2t.  — parts (e) and (d) 
of Theorem 7.2.1 with k — 2 [ | 


PARTIAL FRACTIONS Partial fractions play an important role in finding inverse 
Laplace transforms. The decomposition of a rational expression into component frac- 
tions can be done quickly by means of a single command on most computer algebra 
systems. Indeed, some CASs have packages that implement Laplace transform and 
inverse Laplace transform commands. But for those of you without access to such 
software, we will review in this and subsequent sections some of the basic algebra in 
the important cases in which the denominator of a Laplace transform F(s) contains 
distinct linear factors, repeated linear factors, and quadratic polynomials with no real 
factors. Although we shall examine each of these cases as this chapter develops, it 
still might be a good idea for you to consult either a calculus text or a current precal- 
culus text for a more comprehensive review of this theory. 

The following example illustrates partial fraction decomposition in the case 
when the denominator of F(s) is factorable into distinct linear factors. 


I EXAMPLE 3 Partial Fractions: Distinct Linear Factors 


2 + 6s4 9 
Evaluate Z 1 E 5 | 


(s — DG — 2)(s + 4) 


SOLUTION There exist unique real constants A, B, and C so that 


s +6s+9 _ A B C 
(s— D(s—2)(st*4) s—1 s—-2 s+4 
_ A(s — 2)(s + 4) + B(s — Di + 4) + C(s — 1)(s — 2) 
B (s— Ds — 2)(s + 4) i 


Since the denominators are identical, the numerators are identical: 
s? + 6s + 9 = A(s — 2)(s + 4) + B(s — 1X(s + 4) + C(s - D(s—2) (3) 


By comparing coefficients of powers of s on both sides of the equality, we know that 
(3) is equivalent to a system of three equations in the three unknowns A, B, and C. 
However, there is a shortcut for determining these unknowns. If we set s = 1, s = 2, 
and s = —4 in (3), we obtain, respectively, 


16 = A(—1)(5), 25 = B(1)(6), and 1 = C(-5)(—6), 


and so A = 6, B = 5 , and C = d Hence the partial fraction decomposition is 


s? 6s 9 — 16/5 P 25/6 à 1/30 
(s — 1)(s — 2)(s + 4) $—1 s-2 st+4 


(4) 
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and thus, from the linearity of Z -1 and part (c) of Theorem 7.2.1, 


2 
= s+6s +9 eee 1 23.54]. 1 oe l 
[pas s s—1 ta” s=2 ta” s+4 


7.2.2 TRANSFORMS OF DERIVATIVES 


TRANSFORM A DERIVATIVE As was pointed out in the introduction to this 
chapter, our immediate goal is to use the Laplace transform to solve differential 
equations. To that end we need to evaluate quantities such as £{dy/dt} and 
L{d’y/dt?}. For example, if f' is continuous for t = 0, then integration by parts 
gives 


+ f e "f(t dt 
0 0 


LIFO) = | e^" fO dt = e™ f) 


= —f(0) + s£{fO} 
or L F'O} = sF(s) — f0). (6) 


Here we have assumed that e "f(r) — 0 as t — œ. Similarly, with the aid of (6), 


+ f e "f'(f) dt 
0 0 


sU") = Í fO dt = ef") 


-F'O + sL F'O 
= s[sF(s) — f(0] — f'(0)  — from (6) 


or Lf") = F(s) — sf) — f'(0). (7) 
In like manner it can be shown that 
LO = SF) — °F) — sf'(0) — f"(0). (8) 


The recursive nature of the Laplace transform of the derivatives of a function f should 
be apparent from the results in (6), (7), and (8). The next theorem gives the Laplace 
transform of the nth derivative of f. The proof is omitted. 


| |THEOREM 7.22 Transform of a Derivative 


If f, f', ..., f" P are continuous on [0, œ) and are of exponential order and if 
f (t) is piecewise continuous on [0, %), then 
FF Oo} = s"F(s) E S O) m 5-2! QJ) CENE C E2050), 


where F(s) = L{ FD). 


SOLVING LINEAR ODEs It is apparent from the general result given in 
Theorem 7.2.2 that Z (d"y/ dt") depends on Y(s) = Z(y(r)) and the n — 1 derivatives 
of y(t) evaluated at t = 0. This property makes the Laplace transform ideally suited 
for solving linear initial-value problems in which the differential equation has con- 
stant coefficients. Such a differential equation is simply a linear combination of terms 
y y. y^... y 

d"y d" ly 


an dt” + an-ı "T 


y(0) = yo y'(0) = yp yO) = Yn-1> 


tick apy = 80. 
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where the a;, i = 0, 1, ..., n and yo, y1,..., ya-1 are constants. By the linearity prop- 
erty the Laplace transform of this linear combination is a linear combination of 
Laplace transforms: 


ed + d tay) = £i). (9) 
From Theorem 7.2.2, (9) becomes 
a ["YG) — $71y(0) — + + — yo POY] m 
+ a, [s 1Y(s) — 9" ?y(0) — + + + — y ?(0)] + + ++ + ayY(s) = G(s), 


where S{ y(t)} = Y(s) and Z(g(r)) = G(s). In other words, the Laplace transform of 
a linear differential equation with constant coefficients becomes an algebraic equa- 
tion in Y(s). If we solve the general transformed equation (10) for the symbol Y(s), we 
first obtain P(s)Y(s) = Q(s) + G(s) and then write 


G 
YG)- Qo) (s) (11) 
P(s)  P(s 
where P(s) = a,s" + a, 4,5" | + +++ + ag, Q(s) is a polynomial in s of degree 
less than or equal to n — 1 consisting of the various products of the coefficients 
dj, i = l,...,n and the prescribed initial conditions yo, yj, .. . , Yn-1, and G(s) is 


the Laplace transform of g(r)." Typically, we put the two terms in (11) over the least 
common denominator and then decompose the expression into two or more 
partial fractions. Finally, the solution y(t) of the original initial-value problem is 
y(t) = S£! (Y(s)], where the inverse transform is done term by term. 

The procedure is summarized in the following diagram. 


Find unknown y(t) Transformed DE 

that satisfies DE -— Apply Laplace Transform £ —>] becomes an algebraic 

and initial conditions equation in Y(s) 
Solution y(t) Solve transformed 


I*— Apply Inverse Transform £7! — 


of original IVP equation for Y(s) 


The next example illustrates the foregoing method of solving DEs, as well as 
partial fraction decomposition in the case when the denominator of Y(s) contains a 
quadratic polynomial with no real factors. 


[ EXAMPLE 4 Solving a First-Order IVP 


Use the Laplace transform to solve the initial-value problem 


dy 
— + 3y = 13 sin2t, y(0)- 6. 
dt 
SOLUTION We first take the transform of each member of the differential 


equation: 


afe) + 3L{y} = 13L{sin 27}. (12) 


*The polynomial P(s) is the same as the nth-degree auxiliary polynomial in (12) in Section 4.3 with the 
usual symbol m replaced by s. 
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From (6), Z (dy/dt) = sY(s) — y (0) = sY(s) — 6, and from part (d) of Theorem 7.1.1, 
Z' (sin 2t} = 2/(s? + 4), so (12) is the same as 


Y(s) = 6 + 3Y(s) = zo (s + 3)Y¥(s) =6 + = 
sY(s I S 3d or 5S4 (s. 344 
Solving the last equation for Y(s), we get 
6 26 6s? + 50 
YG) = r A (13) 


st+3 (sd 3S4) (s + 3Ys-4y 
Since the quadratic polynomial s? + 4 does not factor using real numbers, its 
assumed numerator in the partial fraction decomposition is a linear polynomial in s: 
6° +50 .— A Bs+C 
(s+ 3)s? +4) st3 9 +4° 


Putting the right-hand side of the equality over a common denominator and equating 
numerators gives 6s? + 50 = A(s? + 4) + (Bs + C)(s + 3). Setting s = —3 then 
immediately yields A = 8. Since the denominator has no more real zeros, we equate 
the coefficients of s? and s: 6 = A + B and 0 = 3B + C. Using the value of A in the 
first equation gives B = —2, and then using this last value in the second equation gives 
C = 6. Thus 

6s? + 50 8 —2s + 6 


NAS FrN 4-3 9^4 


We are not quite finished because the last rational expression still has to be written as 
two fractions. This was done by termwise division in Example 2. From (2) of that 


example, 
1 RY 2 
= g-l g- + g-1 
dudes f + ; : k + + d k + j 


It follows from parts (c), (d), and (e) of Theorem 7.2.1 that the solution of the initial- 
value problem is y(t) = 8e ?' — 2 cos 2t + 3 sin 2t. ig 


| EXAMPLE 5 Solving a Second-Order IVP 


Solve y" — 3y' + 2y- e ^, yO)=1, y(0)=5. 


SOLUTION Proceeding as in Example 4, we transform the DE. We take the sum of 
the transforms of each term, use (6) and (7), use the given initial conditions, use (c) of 
Theorem 7.2.1, and then solve for Y(s): 

d’y 


d 
fel - Dol + 2L{y} = £(e-*) 


s°¥(s) — sy(0) — y'(0) — 3[s¥(s) — y(O)] + 2¥(s) = EE 


1 
2 — 35 + 2)¥(s) = s + 2 + —— 
(s S \¥(s) = s ; 


s+2 l 1 s +6s+9 


Y(s) ^ 5 B = . 
so-—3s+2 (s^—3s - 25 4) (s= Ds — 2)(5 + 4) 


(14) 


The details of the partial fraction decomposition of Y(s) have already been carried out 
in Example 3. In view of the results in (4) and (5) we have the solution of the initial- 
value problem 


16 25 
yt) = £X (Ys)- 5 e! 6 eeu + aps E 
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Examples 4 and 5 illustrate the basic procedure for using the Laplace transform 
to solve a linear initial-value problem, but these examples may appear to demonstrate 
a method that is not much better than the approach to such problems outlined in 
Sections 2.3 and 4.3—4.6. Don't draw any negative conclusions from only two 
examples. Yes, there is a lot of algebra inherent in the use of the Laplace transform, 
but observe that we do not have to use variation of parameters or worry about the 
cases and algebra in the method of undetermined coefficients. Moreover, since 
the method incorporates the prescribed initial conditions directly into the solution, 
there is no need for the separate operation of applying the initial conditions to the 
general solution y = cyy; + coy; + *:: t c,y, + y, of the DE to find specific 
constants in a particular solution of the IVP. 

The Laplace transform has many operational properties. In the sections that fol- 
low we will examine some of these properties and see how they enable us to solve 
problems of greater complexity. 


| REMARKS 


(i) The inverse Laplace transform of a function F(s) may not be unique; in other 
words, it is possible that S{ f(O} = L{ f,(H} and yet fı # fo. For our purposes 
this is not anything to be concerned about. If f; and f? are piecewise continuous 
on [0, œ) and of exponential order, then fı and fọ are essentially the same. See 
Problem 44 in Exercises 7.2. However, if fı and f; are continuous on [0, ©) and 
Aft) = L{ fC}, then fı = f» on the interval. 


(ii) This remark is for those of you who will be required to do partial fraction 
decompositions by hand. There is another way of determining the coefficients 
in a partial fraction decomposition in the special case when Z(f(r)) = F(s) is 
a rational function of s and the denominator of F is a product of distinct linear 
factors. Let us illustrate by reexamining Example 3. Suppose we multiply both 
sides of the assumed decomposition 


S) eos up 9) mes oi B 2 C 
CeCe) a 1 s—2 gs+4 


(45) 


by, say, s — 1, simplify, and then set s = 1. Since the coefficients of B and C on 
the right-hand side of the equality are zero, we get 


2 ae (05 4 1 
2 Ero =A or A= d 
(s a 2)(s zl 4) s=1 3 
Written another way, 
S^ TENEO) ENS. 
@= e = 2 ar 4) len 5) i 


where we have shaded, or covered up, the factor that canceled when the left- 
hand side was multiplied by s — 1. Now to obtain B and C, we simply evaluate 
the left-hand side of (15) while covering up, in turn, s — 2 and s + 4: 


s? -- 6s 9 mE, 
(s — Diis — 2)(s + 4) ls-2 6 
d S^ sr Gy a 9) 1 C 
an | = = = Q 
(s — 1)(s — 2)(s + 4)|ls--4 30 
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The desired decomposition (15) is given in (4). This special technique for 
determining coefficients is naturally known as the cover-up method. 


(iii) In this remark we continue our introduction to the terminology of 
dynamical systems. Because of (9) and (10) the Laplace trans- 
form is well adapted to linear dynamical systems. The polynomial 
P(s) = a,s" + a15” |+ +++ + ao in (11) is the total coefficient of Y(s) in 
(10) and is simply the left-hand side of the DE with the derivatives d*y/dt* 
replaced by powers s*, k = 0, 1,..., n. It is usual practice to call the recipro- 
cal of P(s)—namely, W(s) = 1/P(s)—the transfer function of the system 
and write (11) as 


Y(s) = W(s)Q(s) + W(s)G(s). (16) 


In this manner we have separated, in an additive sense, the effects on the response 
that are due to the initial conditions (that is, W(s)Q(s)) from those due to the 
input function g (that is, W(s)G(s)). See (13) and (14). Hence the response y(f) of 
the system is a superposition of two responses: 


yt) = LHW) + L (WG)GG)) = yo(0 + yÒ. 


If the input is g(f)=0, then the solution of the problem is 
yo(t) = L'{ W(s)Q(s)}. This solution is called the zero-input response of the 
system. On the other hand, the function y,(t) = L~!{ W(s)G(s)} is the output due 
to the input g(t). Now if the initial state of the system is the zero state (all the 
initial conditions are zero), then Q(s) = 0, and so the only solution of the initial- 
value problem is y(t). The latter solution is called the zero-state response of the 
system. Both yo(f) and y;(f) are particular solutions: yo(f) is a solution of the [VP 
consisting of the associated homogeneous equation with the given initial condi- 
tions, and yi(f) is a solution of the IVP consisting of the nonhomogeneous equa- 
tion with zero initial conditions. In Example 5 we see from (14) that the transfer 
function is W(s) = 1/(s? — 3s + 2), the zero-input response is 


Gar 2 
A = gp = —3¢ + 4e” 
2 li = 16 - 2) "uv 
and the zero-state response is 
1 1 1 1 
D) = ui eS Se 
nits) fe - Ns — Hs + 3l EE 3 


Verify that the sum of yo(t) and yı(ż) is the solution y(t) in Example 5 and that 
yo(0) = 1, yo(0) = 5, whereas yı(0) = 0, y;(0) = 0. 


EX E RC | S E S 7 . 2 Answers to selected odd-numbered problems begin on page ANS-10. 


7.2.1 INVERSE TRANSFORMS {2 1 | E 6 1 
+ & x e | 


quom 


In Problems 1 —30 use appropriate algebra and Theorem 7.2.1 
to find the given inverse Laplace transform. 9. P- 


| | 
DL MEE PME 
| | 
| | 


fi 48 f2 1° 4 
a i-i 4. £ (8-5) 13. $7 ——— | 14. Z~! 


16. Z`! 
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i S3 
"nes PEERS 
wA seb 
s2+ 25-3 s + 5 — 20 
i 0.95 | 
na [s — 0.DXs + 0.2) 
-3 
22. $^ 5 
a k Ys + z| 
1 
dd l = 2)(s = ET = 3l 
a e 2*1] 
s(s — T + 1)(s = 2) 

il 1 5 
ld [— + z Mice k + 2)(s? + 5 
2s—4 f1 

d cu + s\(s2 + } idea F — 3 


1 6s + 3 
=Ï =i = 
ils [c £1 + z dod E + 5s? + + 


7.2.2 TRANSFORMS OF DERIVATIVES 


In Problems 31—40 use the Laplace transform to solve the 
given initial-value problem. 


d 
31, 2 — y — 1, 


di 340) =0 


dy 
32.2—+y=0, y(0)—-— 
DEP y(0) 


33. y' + 6y =e", y(0)=2 

34. y' - y 2 2cos5t, y(0)— 

35. y” Foy +4y=0, y(0—1, y'(0)= 

36. y" — 4y 26?! — 3e™, y(0)=1, y(0)=-1 
37. y" + y = V2sin V2t, y(0) = 10, y'(0 =0 
38. y” + 9y=e', y(0)=0, y(0)=0 


39. 2y" + 3y" — 3y' — 2y =e", y(0)=0, y'(0)= 
y"(0) = 1 

40. y" -2y" — y' — 2y = sin 3t, yO) = 
y") - 1 

The inverse forms of the results in Problem 46 in 

Exercises 7.1 are 


0, y'(00— 


= sa 
[=| = e“cos bt 
S—a E 


- b "- 
EA |_| = e"! sin bt. 


In Problems 41 and 42 use the Laplace transform and these 
inverses to solve the given initial-value problem. 


41. y +y 2 e cos2t, y(0) = 


42. y" - 2y' + 5y 2-0, yO)=1, y'(0 3 


Discussion Problems 


43. (a) With a slight change in notation the transform in (6) 
is the same as 


L{f'O} = s£L{FO} — FO). 
With f(f) = te^', discuss how this result in conjunc- 
tion with (c) of Theorem 7.1.1 can be used to evalu- 


ate Z[te^!). 
(b) Proceed as in part (a), but this time discuss how to 
use (7) with f(t) = t sin kt in conjunction with (d) 
and (e) of Theorem 7.1.1 to evaluate #{t sin kt}. 
44. Make up two functions fı and f» that have the same 
Laplace transform. Do not think profound thoughts. 
45. Reread Remark (iii) on page 269. Find the zero-input 
and the zero-state response for the IVP in Problem 36. 
46. Suppose f(t) is a function for which f’(f) is piecewise 
continuous and of exponential order c. Use results in 
this section and Section 7.1 to justify 


f(0) = lim sF(s), 


where F(s)-— Z(f(t)). 


f(t) = cos kt. 


Verify this result with 
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REVIEW MATERIAL 


* Completion of the square 


e Keep practicing partial fraction decomposition 


INTRODUCTION Itis not convenient to use Definition 7.1.1 each time we wish to find the Laplace 
transform of a function f(t). For example, the integration by parts involved in evaluating, say, 
S (e'P sin 3t} is formidable, to say the least. In this section and the next we present several labor- 
saving operational properties of the Laplace transform that enable us to build up a more extensive list of 
transforms (see the table in Appendix IIT) without having to resort to the basic definition and integration. 


F 
F(s) l F(s - a) 

a 

| 

| 

| ] 

s=a,a>0 

FIGURE 7.3.1 Shift on s-axis 


> 
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7.3.1 TRANSLATION ON THE s-AXIS 


A TRANSLATION Evaluating transforms such as .Z(e?1?) and (e ?'cos 4t} is 
straightforward provided that we know (and we do) £{t°} and L{cos 4t}. In 
general, if we know the Laplace transform of a function f, Z(f(t)) = F(s), it is pos- 
sible to compute the Laplace transform of an exponential multiple of f, that is, 
Jf (e"' f(t)), with no additional effort other than translating, or shifting, the transform 
F(s) to F(s — a). This result is known as the first translation theorem or first 
shifting theorem. 


| [THEOREM 7.3.1 First Translation Theorem 


If £(f(r)) = F(s) anda is any real number, then 
E EN = F(s = a). 


PROOF The proof is immediate, since by Definition 7.1.1 


00 


L{e"fit)} = f e e" f(t) dt = [eco dt — F(s — a). H 
0 


0 


If we consider s a real variable, then the graph of F(s — a) is the graph of F(s) 
shifted on the s-axis by the amount |a]. If a > 0, the graph of F(s) is shifted a units to 
the right, whereas if a < 0, the graph is shifted |a| units to the left. See Figure 7.3.1. 

For emphasis it is sometimes useful to use the symbolism 


Z[e* 900] = ALON uas 


where s — s — a means that in the Laplace transform F(s) of f(t) we replace the 
symbol s wherever it appears by s — a. 


| EXAMPLE 1 Using the First Translation Theorem 


Evaluate (a) Z(et?) (b) Z(e-?'cos 4t}. 


SOLUTION The results follow from Theorems 7.1.1 and 7.3.1. 


3! 6 
Pier Zir |a= = 
(a) {e ry { Hs s—5 m "v (s = 5)4 
sS S42 
x 4t] — 4 (2) = = [| 
o cM M = MU c abcr coms SET 


INVERSE FORM OF THEOREM 7.3.1 To compute the inverse of F(s — a), we 
must recognize F(s), find f(t) by taking the inverse Laplace transform of F(s), and 
then multiply f(t) by the exponential function e“. This procedure can be summarized 
symbolically in the following manner: 


£^ (F(s— a) = £ Us]. s.) = e“ FO, (1) 
where f(f) = 5 !(F(s)]. 


The first part of the next example illustrates partial fraction decomposition in the 
case when the denominator of Y(s) contains repeated linear factors. 
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| EXAMPLE 2 Partial Fractions: Repeated Linear Factors 


[2s+5 aj 9/2 + 5/5 
Evaluate (a) Z R -3y (b) L s+4s +6] 


SOLUTION (a) A repeated linear factor is a term (s — a)", where a is a real number 
and n is a positive integer = 2. Recall that if (s — a)" appears in the denominator of a 
rational expression, then the assumed decomposition contains n partial fractions 
with constant numerators and denominators s — a, (s — ay,..., (s — a)". Hence with 
a — 3andn — 2 we write 


25*t5 A B 
(s—3y s-3 (s—-3y 


By putting the two terms on the right-hand side over a common denominator, we 
obtain the numerator 2s + 5 = A(s — 3) + B, and this identity yields A = 2 and 
B — 11. Therefore 


6-3} £=3 qp-3y 2) 


a atsl 1 | 1 1 | 
and EA [2 22 1-3 +11 G—3pI" (3) 


Now 1/(s — 3)? is F(s) = 1/s? shifted three units to the right. Since £~!{1/s?} = t, 
it follows from (1) that 
= ge, 
ss—3 


"eos itn 
" fee da 


254 5 
Finally, (3) is zi [2 a = 2e% + let. (4) 


(b) To start, observe that the quadratic polynomial s? + 4s + 6 has no real zeros and 
so has no real linear factors. In this situation we complete the square: 


s/2 + 5/3 — s/2 + 5/3 


= . 5 
$-4s-6 (sT-2Yy 42 6) 


Our goal here is to recognize the expression on the right-hand side as some Laplace 
transform F(s) in which s has been replaced throughout by s + 2. What we are 
trying to do is analogous to working part (b) of Example 1 backwards. The denom- 
inator in (5) is already in the correct form— that is, s* + 2 with s replaced by s + 2. 
However, we must fix up the numerator by manipulating the constants: 
is ti =h(s+2)+3-F=h(05+2) +3 

Now by termwise division, the linearity of Z zi parts (e) and (d) of Theorem 7.2.1, 
and finally (1), 


s/2+5/3 1(-2)*$ 1 s-2 2 1 


- + 
(st2P+2 (s+2% +2 2(s-2y-2 3(st2y-42 
af s/2+5/3] 1o, f s+2 ae 1 
ope iad (s+22+2 ao (s+ 2242 
1 s 2 V2 
ER =j 4+ — al) ee, 
2 "m {= +2 aal 3V2 A k +2 eal (6) 


1 V2 
= ae cos V2t + ge sin V2t. (7) E 
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| EXAMPLE 3 An Initial-Value Problem 


Solve y" — 6y' + 9y = Pe, y(0) = 2, y'(0) = 17. 


SOLUTION Before transforming the DE, note that its right-hand side is similar to 
the function in part (a) of Example 1. After using linearity, Theorem 7.3.1, and the 
initial conditions, we simplify and then solve for Y(s) = L{f(}: 


L{y"} — 6L{y'} + 9L{y} = AZ(Pe) 


2 
s°¥(s) — sy(0) — y'O) — 6[sY(s) — y] + 9Y(s) = G3 
a eee ag 
(s — 3PY(s)= 2s +5 + - 
(s — 3 
2*5 2 


Y(s) = 


6-3 (—3» 


The first term on the right-hand side was already decomposed into individual partial 
fractions in (2) in part (a) of Example 2: 


2 11 2 
+ + 
=3 (s—-3y (s— 3p 


sepe] ebd de feta 
Thus y(t) = 2¥ EE rusigo a e-a 9 


From the inverse form (1) of Theorem 7.3.1, the last two terms in (8) are 


4! 
5 | = fe and ze = te, 
5—5—3 S |s—s-3 


Thus (8) is y(t) = 2e* + 11te* + Lr^e?. m 


Y(s) = P 


l EXAMPLE 4 An Initial-Value Problem 


Solve y" + 4y' + 6y- 1t e, y(0)=0, y'(0)=0. 


SOLUTION L{y"} + 4£0') + OL{y} = Z(0J + Le} 
s'YG) — sy) — y) + 4[sY(s) — »(0] + 6Y() = — + —— 
S st] 
2 +49 + 6r = 21 
5 5 Yt) = s(s + 1) 
2s +1 


Y(s) = 


s(s + Ds? + 4s + 6) 


Since the quadratic term in the denominator does not factor into real linear factors, the 
partial fraction decomposition for Y(s) is found to be 


1 1 2+ 
jo, US sf 3 
5 stl s-c-4s-c6 


Moreover, in preparation for taking the inverse transform we already manipulated the 
last term into the necessary form in part (b) of Example 2. So in view of the results 
in (6) and (7) we have the solution 
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Lof i dos] 1 gf S42 | sel 
aaa [leis {| 2% le@+2y +2] 3vV3i* |a*2» 42 


1 2 
eta ae cos V2t — VÀ rni V2t. [] 


7.3.2 TRANSLATION ON THE t-AXIS 


UNIT STEP FUNCTION In engineering, one frequently encounters functions 
that are either “off” or “on.” For example, an external force acting on a mechanical 
system or a voltage impressed on a circuit can be turned off after a period of time. 
It is convenient, then, to define a special function that is the number 0 (off) up to a 
certain time £ = a and then the number 1 (on) after that time. This function is called 
the unit step function or the Heaviside function. 


DEFINITION 7.3.1 Unit Step Function 


The unit step function U(t — a) is defined to be 


(|. Ol 7 = a 
ile ME 


w-o=] 


Notice that we define U(t — a) only on the nonnegative t-axis, since this is all 
that we are concerned with in the study of the Laplace transform. In a broader sense 
U(t — a) = 0 for t < a. The graph of U(t — a) is given in Figure 7.3.2. 

When a function f defined for t = 0 is multiplied by U(t — a), the unit step 
function “turns off” a portion of the graph of that function. For example, consider 
the function f(t) = 2t — 3. To “turn off" the portion of the graph of f for 0 x t « 1, 
we simply form the product (2t — 3) U(t — 1). See Figure 7.3.3. In general, the 
graph of f(t) U(t — a) is 0 (off) for 0 - t < a and is the portion of the graph of f (on) 
for f = a. 

The unit step function can also be used to write piecewise-defined functions in 
a compact form. For example, if we consider 0 S t< 2, 2x t «3, and t 23 
and the corresponding values of U(t — 2) and U(t — 3), it should be apparent 
that the piecewise-defined function shown in Figure 7.3.4 is the same as 
f@® =2 — 3U(t — 2) + U(t — 3). Also, a general piecewise-defined function of 


FIGURE 7.3.2 Graph of unit step 


function 


the type 
g(t), OSt<a 
t = 
fo us t=a ©) 
FIGURE 7.3.3 Function is . 
f(t) = Qt- 3) Ut — 1) is the same as 
FO = sO — g@) UG — a) + h@®) UC — a). (10) 
fot Similarly, a function of the type 
2 | 
T 0 O<t<a 
| 
m fo =)g, ast<b (11) 
EB = 0, t=b 


can be written 
FIGURE 7.3.4 Function is 
FA =2 34K — 2) + Ult — 3) FO = gott — a) — «(t — b). (12) 


FIGURE 7.3.5 Function is 
f(t) = 20t — 20rU(t — 5) 


fÀ 


(a) f(t), t= 0 


NC 


SO 


a t 


(b) ft — a)u(t — a) 
FIGURE 7.3.6 Shift on r-axis 
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| EXAMPLE 5 A Piecewise-Defined Function 


20, OsSt<5 


in terms of unit step functions. Graph. 
0, 1=5 7 E 


Express f(t) = | 


SOLUTION The graph of f is given in Figure 7.3.5. Now from (9) and (10) with 
a = 5, g(t) = 20t, and h(t) = 0 we get f(t) = 20t — 20t U(t — 5). E 


Consider a general function y = f(t) defined for t = 0. The piecewise-defined 
function 
ja- aua- a =f da sa (13) 
f(t — a), tza 
plays a significant role in the discussion that follows. As shown in Figure 7.3.6, for 
a > 0 the graph of the function y = f(t — a) U(t — a) coincides with the graph of 
y = f(t — a) for t = a (which is the entire graph of y = f(t), t = O shifted a units to 
the right on the f-axis), but is identically zero for 0 = t < a. 

We saw in Theorem 7.3.1 that an exponential multiple of f(t) results in a transla- 
tion of the transform F(s) on the s-axis. As a consequence of the next theorem we see 
that whenever F(s) is multiplied by an exponential function e ^, a > 0, the inverse 
transform of the product e ^* F(s) is the function f shifted along the r-axis in the man- 
ner illustrated in Figure 7.3.6(b). This result, presented next in its direct transform ver- 
sion, is called the second translation theorem or second shifting theorem. 


| THEOREM 7.3.2 Second Translation Theorem 


If F(s) = L{ f(H} and a > 0, then 
Emu — a)} = eT F(s). 


PROOF By the additive interval property of integrals, 
f e “f(t — a) Ult — a) dt 
0 


can be written as two integrals: 


S f(t — a) Ut — a} = i e "f(t — a) U(t — a) dt à f e “f(t — a) U(t — a) dt = i e “f(t — a) dt. 


0 a a 


zero for one for 
0=t<ea tza 


Now if we let v = t — a, dv = dt in the last integral, then 


o0 


Li f(t — a) Ut — a} = [ero dv = e| ef(v)dv-e *Z(f(t). m 
0 


0 


We often wish to find the Laplace transform of just a unit step function. This can be 
from either Definition 7.1.1 or Theorem 7.3.2. If we identify f(rt) = 1 in Theorem 7.3.2, 
then f(t — a) = 1, F(s) = £(1) = 1/s, and so 


—as 


L{U(t — a) = = , (14) 


For example, by using (14), the Laplace transform of the function in Figure 7.3.4 is 


LA f(D} = 2-Z(1) — 3L{Ut — 2)} + L U= 3)} 
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INVERSE FORM OF THEOREM 7.3.2 If f(t) = £7 '{F(s)}, the inverse form of 
Theorem 7.3.2, a > 0, is 


L'{e-“F(s)} = f(t — a) U(t — a). (15) 


| EXAMPLE 6 Using Formula (15) 


1 s 
=Ï —2s —1 —aq5/2 
Evaluate (a) Z ae | (b) Z k 19° | 


SOLUTION (a) With the identifications a —2,  F(s) — l/(s — 4, and 
S? (F(s)) = e“, we have from (15) 


1 
sl en = 0D Qt — 2). 


(b) With a = 1/2, F(s) = s/(s? + 9), and £^! (F(s)) = cos 3t, (15) yields 


-1J 3 ors a a 
A [ze | cos 3(1 7) a I 


The last expression can be simplified somewhat by using the addition formula for the 


cosine. Verify that the result is the same as —sin 3t LU = 7) a 


ALTERNATIVE FORM OF THEOREM 7.3.2 We are frequently confronted with 
the problem of finding the Laplace transform of a product of a function g and a unit 
step function U(t — a) where the function g lacks the precise shifted form f(t — a) 
in Theorem 7.3.2. To find the Laplace transform of g(t)2U(t — a), it is possible to fix 
up g(t) into the required form f(t — a) by algebraic manipulations. For example, if 
we wanted to use Theorem 7.3.2 to find the Laplace transform of U(t — 2), we 
would have to force g(t) = f? into the form f(t — 2). You should work through the 
details and verify that ? = (t — 2)? + 4(t — 2) + 4 is an identity. Therefore 


PILU — 2)) = Pi- 2» M(t — 2) + A(t— AUE- 2) + 49t(t — 2)), 


where each term on the right-hand side can now be evaluated by Theorem 7.3.2. But 
since these manipulations are time consuming and often not obvious, it is simpler to 
devise an alternative version of Theorem 7.3.2. Using Definition 7.1.1, the definition 
of U(t — a), and the substitution u = t — a, we obtain 


Li{ g(t) Ut — a} = [eve dt = [ es + a) du. 
0 


a 


That is, L{g(tHhUt — a)) = e^ L{ g(t + a. (16) 


| EXAMPLE 7 Second Translation Theorem — Alternative Form 


Evaluate Z[cos t U(t — 7m}. 


SOLUTION With g(t) = cos t and a = m, then g(t + 7) = cos(t + 7) = —cos t 
by the addition formula for the cosine function. Hence by (16), 


g "S [| 


(cos t Ult — m)} = —e " Z(cost] = — a 
s 


5. ^ 
4 
3 
2 
1 
t 
at 
=2 
T 27 3m 


FIGURE 7.3.7 Graph of function 
in (18) 


w(x) 


xY 


FIGURE 7.3.8 Embedded beam with 
variable load 


7.3 OPERATIONAL PROPERTIES | ° 277 


| EXAMPLE 8 An Initial-Value Problem 


0, O<st<a7 


Solve y' + y = fÐ, y(0 =5, wh me 
olve y' + y —f(t, y(0) where f(1) — tom. 


SOLUTION The function f can be written as f(t) = 3 cos t U(t — m), so by linear- 
ity, the results of Example 7, and the usual partial fractions, we have 


L{y'} + Liy} = 3Z[(cos t Ut — m)} 


sYG) — yO) + YQ) = -3 e™ 


3s 


poco d 


e ?* 


5 1 = TS + 1 —TS + s VS (17) 
"EET Ce ie ear T 


Now proceeding as we did in Example 6, it follows from (15) with a = ~ that the 
inverses of the terms inside the brackets are 


Y(s) — 


1 
Sui 


zi : e| =e UDUM- T), s " = sin(t — a) Ult — 7), 


M 


and g Ty je] = cos(t — T) U(t — T). 
s 


Thus the inverse of (17) is 


y(f) = 5e + seen Ult — m) — sin — 7) U(t — T) = costt T) U(t — T) 


3 
= íe" + zem + sint + cos t] Ut — m) < trigonometric identities 
5e, O<t<a7 
E (18) 
= z D x2 a 3 
Se t+ 2e 079? + =sint + —cost, t= T. 
2 2 2 


We obtained the graph of (18) shown in Figure 7.3.7 by using a graphing utility. E 


BEAMS In Section 5.2 we saw that the static deflection y(x) of a uniform beam of 
length L carrying load w(x) per unit length is found from the linear fourth-order 
differential equation 


EI —. = wii, (19) 
b d 


where E is Young's modulus of elasticity and J is a moment of inertia of a cross section 
of the beam. The Laplace transform is particularly useful in solving (19) when w(x) 
is piecewise-defined. However, to use the Laplace transform, we must tacitly assume 
that y(x) and w(x) are defined on (0, ©) rather than on (0, L). Note, too, that the next ex- 
ample is a boundary-value problem rather than an initial-value problem. 


| EXAMPLE 9 A Boundary-Value Problem 


A beam of length L is embedded at both ends, as shown in Figure 7.3.8. Find the 
deflection of the beam when the load is given by 


(1-2) 0<x<L/2 
w= W Ly í 


0, L/2<x<L. 
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SOLUTION Recall that because the beam is embedded at both ends, the boundary 
conditions are y(0) = 0, y'(0) = 0, y(L) = 0, y'(L) = 0. Now by (10) we can express 
w(x) in terms of the unit step function: 


i8) 8)e-9 


2wo| L L L 
= £^ Le (x-2) af- E 
L |2 2 2 
Transforming (19) with respect to the variable x gives 
2wọ| L/2 1 1 
El(s'Y(s) — s*y(0) — s*y'(0) — sy'(0) — y”) = | i-a 
L s S Ss 
" m _ 2wo| L/2 T l rs 
or s^Y(s) — sy"(0) — y"(0) 2 : ute e| 
If we let c; = y"(0) and c2 = y"(0), then 
€;  2wy| L/2. 1 E is 
y = — IG ae 5 f 
s) st 2 s so 
and consequently 
2! c 3! 2wo| L/2 4! 1 5! 1 21 
L gy 2 c- 0 = = E = 
Lf 1 + Lf 1 + 1 WA 1 + KA 1 Ls/2 
{=| 3! {= zej 4! E 5! EJ 5! Ee Jl 
L LY L 
Ela up T Lu — ee (x-Sja(s- 2)| 
2 6 60 EIL| 2 2 2 
Applying the conditions y(L) = 0 and y'(L) = 0 to the last result yields a system of 
equations for c, and c»: 
L D ^ 49wy^ 
CT t €$ | = 
2 6 1920ET 
I? 85wgL? 
Cy LA C5 + = 
2 960EI 


Solving, we find c; = 23woL?/(960ET) and c; = —9woL/(40EI). Thus the deflec- 


tion is given by 
3woL 5L , Lp L 
Wo EZ xX + (s = d a(x = jJ E 


S0EI" 


x | Wo 
60EIL 


2 


YO) = tooogr" 


| | EXERCISES 7.3 


23wgL? 
Answers to selected odd-numbered problems begin on page ANS-11. 


7.3.1 TRANSLATION ON THE s-AXIS " 1 P 1 
11. Z^ PE 12. Z~! 
(s + 2y (s — 1% 
In Problems 1 —20 find either F(s) or f(t), as indicated. 
1. Z(te'?' 2. Ste 9] DS [——3 — 6s + 5) id eL +25 + +} 
3. Sre 7} 4. (1997!) 254 5 
"ENTE TN 
5. Z(E + ey 6. {et — 1») sS?44s45 s? + 6s + 34 
toi —2t 
7. Z(e'sin 3t) 8. Z(e-?'cos 4t] T [3 — mr [3 : 
9. f((1 — e + 3e-*!) cos 5t] (s + D (s = 2? 
, ot _ | 2s— I Jo» 
10. ae (» — 4t + lO sin o] 19. 7 f Xs + x 20. £- fe + 2) 


In 


Problems 21—30 use the Laplace transform to solve the 


given initial-value problem. 


In 


OY t4y=e%, yQ)=2 

»(0) = 0 

OY 83 Fy =0, X9) - L0) - 1 

. y" — Ay! + 4y = te”, y(0) = 0, y'(0) = 0 
. y' - 6y' + 9y=1, yO) =0,y'(0) =1 
yaa Fay = P, X0) - 1 yO =0 

. y” — 6y + 13y=0, y(0) = 0, y'(0) = —3 
. 2y" + 20y' + 51y=0, y(0) = 2, y') =0 
y(0) = 0, y'(0) = 0 
.y'—-2y + 5y=1+4, y0)=0,y'0) =4 


~y —y=l+ te, 


. y" — y'= e'cost, 


Problems 31 and 32 use the Laplace transform and 


the procedure outlined in Example 9 to solve the given 


bo 


31 
32 


33. 


34. 


35. 


q(t) — 


undary-value problem. 


.y"-2y ty-20, y'(0-22,y1) 22 
. y" + 8y' + 20y 720, yO) = 0, y'(7) = 0 


A 4-pound weight stretches a spring 2 feet. The weight 
is released from rest 18 inches above the equilibrium 
position, and the resulting motion takes place in a 
medium offering a damping force numerically equal to 
i times the instantaneous velocity. Use the Laplace 
transform to find the equation of motion x(f). 


Recall that the differential equation for the instanta- 
neous charge q(f) on the capacitor in an LRC series 
circuit is given by 


ae bog = EW 
d? dt C4 


(20) 


See Section 5.1. Use the Laplace transform to find q(t) 
when L = 1h, R = 20 Q, C = 0.005 f, E(t) = 150 V, 
t > 0, q(0) = 0, and i(0) = 0. What is the current i(t)? 


Consider a battery of constant voltage Eo that charges 
the capacitor shown in Figure 7.3.9. Divide equa- 
tion (20) by L and define 2A = R/L and o? = 1/LC. 
Use the Laplace transform to show that the solution 
q(t) of q” + 2Aq' + oq = Eo/L subject to q(0) = 0, 
i(0) = Ois 


se — e^" (cosh VP = ot 
À 
+ —— sinh VX — wt | A c, 
^ /M = w? ) 
E,C[l — e-™(1 + AD], 
rci — e^" (cos Vo? — Mt 


A = c, 


À À < w. 
+ 3 sin Vo? — Xi) j 
Va = 


36. 
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FIGURE 7.3.9 Series circuit in Problem 35 


Use the Laplace transform to find the charge q(t) 
in an RC series circuit when q(0)—0 and 
E(t) = Eoe ", k > 0. Consider two cases: k # 1/RC 
and k = 1/RC. 


7.3.2 TRANSLATION ON THE t-AXIS 


In Problems 37-48 find either F(s) or f(t), as indicated. 


37. 
39. 


41. 


43. 


45. 


47. 


S((—1)(t—1) 38. 
Pit Ut — 2)} 40. 


Se Ut — 2)} 
S (3t + DUM- 1)} 


sin t a — 2 
ze + ut 

i st+2 
=i se "2 

x E + +t 
a es 

à E = 5) 


L (cos 2t U(t — m)} 42. 


a ES 
E [s - } 48. 


In Problems 49—54 match the given graph with one of 
the functions in (a)-(f). The graph of f(t) is given in 
Figure 7.3.10. 


49. 


(a) FO — fO Ut — a) 

(b) f(t — b) U(t — b) 

(c) FOUG — a) 

(d) FO — fO Ut — b) 

(e) FOUG — a) — FO tr — b) 

(f) ft — a) Ut — a) — f(t — a) Ut — b) 
fe 


FIGURE 7.3.10 Graph for Problems 49—54 


fe 


FIGURE 7.3.11 Graph for Problem 49 
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51. fo 


52. fO 


a b t 


FIGURE 7.3.14 Graph for Problem 52 


53. fO 


a b d 


FIGURE 7.3.15 Graph for Problem 53 


54. fe 


a b d 


FIGURE 7.3.16 Graph for Problem 54 


In Problems 55—62 write each function in terms of unit step 
functions. Find the Laplace transform of the given function. 


2, 0=t<3 

55. f(t) = 
fo a d 
1, O0Ost<4 
56. f(t) 210, 4xt«5 
1, t=5 
0, Ost<il 

57. f(t) = 
fe [o t=1 


0, 0st<3n/2 
58. = 
8. FO ee t, t = 37/2 
t VS 2 
59. =A 
f(t) [e — 
sint, OSt<27 
60. f(t) = 
FO n [Om 


61. 


rectangular pulse 


FIGURE 7.3.17 Graph for Problem 61 


62. f(04 | 
3-r = 
| 
2+ = | 
l | | 
MESE 
l 
oaaae 
1 2 3 4 Í 


staircase function 


FIGURE 7.3.18 Graph for Problem 62 


In Problems 63-70 use the Laplace transform to solve the 
given initial-value problem. 


0, Ost<il 


63. y - y 2 f(0, y(0) =0, where f(t) = f m 


64. y! - y =f, y(0) = 0, where 


o=] 0<t<1 
=]; i 
65. y' + 2y 2 f(), y(0) = 0, where 
fi) = t Ost<l 
` 0, t=1 


66. y" + 4y =f, y(0) = 0, y(0) = —1, where 


KOD = 1 Os<t<il 
i 0, t=1 


67. y" + 4y = sint U(t — 27), yO) = 1, y'(0) = 0 
68. y" — 5y' + 6y = U(t— 1), yO) = 0, y'(0) = 1 
69. y" + y =f, y(0) = 0, y(0) = 1, where 

0, Osaran 


fO= 51, wst<27 
0, t227 


70. y” + 4y' + 3y 2 1 — Ult- 2) — Ult 
y(0) = 0, y'(00 = 0 


4) + U(t — 6), 


71. Suppose a 32-pound weight stretches a spring 2 feet. If the 
weight is released from rest at the equilibrium position, 
find the equation of motion x(f) if an impressed force 
f(t) = 20t acts on the system for 0 < t < 5 and is then 
removed (see Example 5). Ignore any damping forces. 
Use a graphing utility to graph x(t) on the interval [0, 10]. 


72. Solve Problem 71 if the impressed force f(t) = sin t acts 


on the system for 0 = t < 277 and is then removed. 


In Problems 73 and 74 use the Laplace transform to find the 
charge q(t) on the capacitor in an RC series circuit subject to 
the given conditions. 


73. q(0) 20, R=2.50, C=0.08f, E(t) given in 
Figure 7.3.19 


EW} 


5+ $——— 
| 
| 
| 
| 
| 
| 
— 
3 t 


FIGURE 7.3.19  E(r) in Problem 73 
74. q(0) 2 qo, R=100, C=0.1f, E( given in 
Figure 7.3.20 


E(t) 4 


30 


FIGURE 7.3.20  E(ft) in Problem 74 


75. (a) Use the Laplace transform to find the current 
i(f) in a single-loop LR series circuit when 
i(0) = 0,L = I h, R= 10 Q, and E(f is as given 
in Figure 7.3.21. 
(b) Use a computer graphing program to graph i(t) for 
0 -1-6. Use the graph to estimate imax and 
imin, the maximum and minimum values of the 
current. 


EA 
1+ 


sin ź, 0 < t < 37/2 


-14 


FIGURE 7.3.21 E(® in Problem 75 
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76. (a) Use the Laplace transform to find the charge q(t) 
on the capacitor in an RC series circuit when 
q(0) = 0, R=500, C= 0.01 f, and E(f) is as 

given in Figure 7.3.22. 
(b) Assume that Eo = 100 V. Use a computer graphing 
program to graph g(t) for 0 tz 6. Use the 
graph to estimate qmax, the maximum value of 


the charge. 
E(t) 
“a | | 
~~ 
l 3 * 


FIGURE 7.3.22 E(t) in Problem 76 


77. A cantilever beam is embedded at its left end and free at 
its right end. Use the Laplace transform to find the de- 
flection y(x) when the load is given by 


(x) = wy, O<x<L/2 
"Ml ZS2exer 


78. Solve Problem 77 when the load is given by 


0, 0<x<L/3 
w(x) =4 wọ L/3<x < 2L/3 
0, 2L/3 « x € L. 


79. Find the deflection y(x) of a cantilever beam embedded 
at its left end and free at its right end when the load is as 
given in Example 9. 


80. A beam is embedded at its left end and simply supported 
at its right end. Find the deflection y(x) when the load is 
as given in Problem 77. 


Mathematical Model 


81. Cake Inside an Oven Reread Example 4 in Section 
3.] on the cooling of a cake that is taken out of an 
oven. 


(a) Devise a mathematical model for the temperature of 
a cake while it 1s inside the oven based on the fol- 
lowing assumptions: At t — 0 the cake mixture is at 
the room temperature of 70°; the oven is not pre- 
heated, so at t = 0, when the cake mixture is placed 
into the oven, the temperature inside the oven is also 
70°; the temperature of the oven increases linearly 
until ¢ = 4 minutes, when the desired temperature 
of 300? is attained; the oven temperature is a con- 
stant 300? for t = 4. 


(b) Use the Laplace transform to solve the initial-value 
problem in part (a). 
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Discussion Problems 


82. Discuss how you would fix up each of the following 
functions so that Theorem 7.3.2 could be used directly 
to find the given Laplace transform. Check your an- 
swers using (16) of this section. 


(a) ZtQt + DUM- 1} (b) Lieut- 5)} 
(c) Zcos t U(t — m)} (d) Z((? — 3)094(t — 2)) 


83. (a) Assume that Theorem 7.3.1 holds when the sym- 
bol a is replaced by ki, where k is a real number 


and i? = —1. Show that Z(te"!| can be used to 
deduce 
52 = k2 
L {t cos kt} = Gere 
. 2ks 
SL {t sin kt} = (2 + E 


(b) Now use the Laplace transform to solve the initial- 
value problem x” + e?x — cos ot, x(0) — 0, 
x'(0) = 0. 


7.4 OPERATIONAL PROPERTIES II 


REVIEW MATERIAL 


e Definition 7.1.1 
e Theorems 7.3.1 and 7.3.2 


INTRODUCTION In this section we develop several more operational properties of the 
Laplace transform. Specifically, we shall see how to find the transform of a function f(t) that is 
multiplied by a monomial t", the transform of a special type of integral, and the transform of a pe- 
riodic function. The last two transform properties allow us to solve some equations that we have 
not encountered up to this point: Volterra integral equations, integrodifferential equations, and or- 
dinary differential equations in which the input function is a periodic piecewise-defined function. 


7.4.1 DERIVATIVES OF A TRANSFORM 


MULTIPLYING A FUNCTION BY t” The Laplace transform of the product of a 
function f(t) with ¢ can be found by differentiating the Laplace transform of f(t). To 
motivate this result, let us assume that F(s) = L{ f(r)) exists and that it is possible 
to interchange the order of differentiation and integration. Then 


oo 


d d 
—F = — 
ds (s) Al 


that is, 


eoa - | 


o0 


a] ð z ioe) 7 
PR "fq dt = -Í etf dt = -Lf OY; 
S 0 


0 


d 
L{tf(O} = — 4, 6 Un. 


We can use the last result to find the Laplace transform of t? f(t): 


5 E | d | d d d? 
ZO) = ic if) = —, AO} — 73 -4, FO} = gg UO 


The preceding two cases suggest the general result for L {t" f(1)]. 


THEOREM 7.4.1 Derivatives of Transforms 


If F(s) = L{f(@)} andn = 1, 2,3,..., then 


n 


d 
pu C-1Y —_ Fis). 


d s" 
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[ EXAMPLE 1 Using Theorem 7.4.1 


Evaluate Zt sin Kt]. 


SOLUTION With f(t) = sin kt, F(s) = k/(s? + k2), and n = 1, Theorem 7.4.1 gives 


d d k 2ks 
L{t sin kt} = — — Z[sin kt] = = f 
mS D (: + a) (2+ PP 
If we want to evaluate Z {t° sin kt} and L{t} sin kt}, all we need do, in turn, is 
take the negative of the derivative with respect to s of the result in Example | and 
then take the negative of the derivative with respect to s of £{t? sin kt}. 


NOTE To find transforms of functions t”e“ we can use either Theorem 7.3.1 or 
Theorem 7.4.1. For example, 


1 
Theorem 7.3.1: L{te*} = L{t},_,,-3 = NE G-3* 
d d 1 1 
Th 744: Ste") = —— Lle*} = —-——- = (9 -— 3)? = ; 
eorem (te) ds te) 3 rem (s ) G- 3X 


I EXAMPLE 2 An Initial-Value Problem 


Solve x" + 16x = cos 4t, x(0)=0, x'(0)- I. 


SOLUTION The initial-value problem could describe the forced, undamped, and 
resonant motion of a mass on a spring. The mass starts with an initial velocity of 
1 ft/s in the downward direction from the equilibrium position. 

Transforming the differential equation gives 


S 1 S 
——— X(s) = + , 
spe 7 16 449. 


(s? + 16)X(s) = 1 * 


Now we just saw in Example | that 


2k 
os} = tsin kt, (1) 


and so with the identification k = 4 in (1) and in part (d) of Theorem 7.2.1, we obtain 


= 1 =] 4 1 -1 8s 
AQ ae {= à n ta" [ " =| 


1 1 
= —sin 4t + -t sin 4t. E 
4 8 


7.4.2 TRANSFORMS OF INTEGRALS 


CONVOLUTION If functions f and g are piecewise continuous on the interval 
[0, œ), then a special product, denoted by f * g, is defined by the integral 


Jags fro g(t — 1) dt (2) 


and is called the convolution of f and g. The convolution f * g is a function of t. 
For example, 


f 1 
essc [esi T)dT = zí sin t — cost + e). (3) 
0 


284 ° CHAPTER 7 THE LAPLACE TRANSFORM 


-— 
t 


tT: Otot 


FIGURE 7.4.1 Changing order of 
integration from t first to 7 first 


It is left as an exercise to show that 


[rose T) dT = [re T) g(7) dt; 


that is, f * g = g * f. This means that the convolution of two functions is commutative. 

It is not true that the integral of a product of functions is the product of the 
integrals. However, it is true that the Laplace transform of the special product (2) is 
the product of the Laplace transform of f and g. This means that it is possible to find 
the Laplace transform of the convolution of two functions without actually evaluat- 
ing the integral as we did in (3). The result that follows is known as the convolution 
theorem. 


| THEOREM 7.4.2 Convolution Theorem 


If f(t) and g(t) are piecewise continuous on [0, œ) and of exponential 


order, then 
SA f*8) = L{f(} LigO} = FG)G(). 
PROOF Let F(s) = Z(f() = [ eto dt 
0 
and G(s) = Zie} = Í e "Pg(B) dB. 


Proceeding formally, we have 


F(s)G(s) = ( Í fÀ 2 Í eB 9(B) ap) 


2 f Í Le Pfinye(B) dr dB 
0 JO 


- Í fdr Í e Pe(B) dB. 
Holding 7 fixed, we let t = 7 + B, dt = dB, so that 
F(s)G(s) — [o drf ega — 7) dt. 
In the /7-plane we are integrating over the shaded region in Figure 7.4.1. Since f and 


g are piecewise continuous on [0, ©) and of exponential order, it is possible to inter- 
change the order of integration: 


F(s)G(s) — Í ea [fost —7T7)dT-— li zm — 7) ana =L{f*g}. WM 


A [esie — 7) ar} = Le} + £{sint} = ES , 
0 


I EXAMPLE 3 Transform of a Convolution 


t 
Evaluate -f e'sin(t — 7) ar. 
0 


SOLUTION With f(t) = e' and g(t) = sin t, the convolution theorem states that 
the Laplace transform of the convolution of f and g is the product of their Laplace 
transforms: 

1 1 

s-1 +1 (s— 1)? + 1) 
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INVERSE FORM OF THEOREM 7.4.2 The convolution theorem is sometimes 
useful in finding the inverse Laplace transform of the product of two Laplace 
transforms. From Theorem 7.4.2 we have 


LO (FG)GG)) = f * g. (4) 
Many of the results in the table of Laplace transforms in Appendix III can be derived 
using (4). For example, in the next example we obtain entry 25 of the table: 
2k 


L {sin kt — kt cos kt} = (+ RY 


(5) 


I EXAMPLE 4 Inverse Transform as a Convolution 


Z 1 
Evaluate Z [ous] i 


1 
SOLUTION Let F(s) = G(s) = SE so that 


I. k 1, 
fO = gO = a E Ri zl = 7sin kt. 


In this case (4) gives 


ab od X rd Y 
L (s + By = D jer Sites = 7) dt. (6) 
With the aid of the trigonometric identity 


1 
sin A cos B = 5 [cos(A — B) — cos(A + B)] 


and the substitutions A = kr and B = k(t — 7) we can carry out the integration in (6): 


fı 1 ft 
L @+ Bp 7 2g , [eos k(27 — f) — cos kt] dv 


t 


1] 1 
738 ze sin k(27 — f) — cos «| 


0 


. sin kt — kt cos kt 
2k ` 


Multiplying both sides by 2X? gives the inverse form of (5). a 


TRANSFORM OF AN INTEGRAL When g(t) = 1 and Z(g(t)) = G(s) = l/s, 
the convolution theorem implies that the Laplace transform of the integral of fis 


al f FE d} E (7) 
0 S 
[ Kodre sfl (8) 


can be used in lieu of partial fractions when s” is a factor of the denominator and 
f(t) = L-'{F(s)} is easy to integrate. For example, we know for f(f) = sin t that 
F(s) = 1/(s? + 1), and so by (8) 


J £ 
zo @ =- Í sin rdr = 1 — cost 
s(s? 0 


gl m — " = f (1 — cos Tr) dr —- t — sint 
SUS 0 


The inverse form of (7), 


286 ° CHAPTER 7 THE LAPLACE TRANSFORM 


C 
FIGURE 7.4.2 LRC series circuit 


1 1 
el " } -fo sin T) dr = d — ] + cost 


and so on. 


VOLTERRA INTEGRAL EQUATION The convolution theorem and the result in 
(7) are useful in solving other types of equations in which an unknown function 
appears under an integral sign. In the next example we solve a Volterra integral 
equation for f(t), 


SO = gO + fron — 1) dt. (9) 


The functions g(t) and A(t) are known. Notice that the integral in (9) has the convo- 
lution form (2) with the symbol A playing the part of g. 


l EXAMPLE 5 An Integral Equation 


Solve f(t) = 32 — e — f i Fedr for fO. 
0 


SOLUTION In the integral we identify h(t — T) = e' 7 so that h(t) = e'. We take 
the Laplace transform of each term; in particular, by Theorem 7.4.2 the transform of 
the integral is the product of Z(f(r)) = F(s) and L{e'} = 1/(s — 1): 


F(s) =3 2 1 
i S sl 


Hec 
(s) "ET 


After solving the last equation for F(s) and carrying out the partial fraction 
decomposition, we find 


6 6 
F(s) = I 
(s) S y 


The inverse transform then gives 


i 412! _,}3! jl MEN 
oai 


= 3f — P +1- 2e”. E 


SERIES CIRCUITS  Inasingle-loop or series circuit, Kirchhoff's second law states 
that the sum of the voltage drops across an inductor, resistor, and capacitor is equal 
to the impressed voltage E(t). Now it is known that the voltage drops across an induc- 
tor, resistor, and capacitor are, respectively, 


t 


pe Ri(t) d Lima 
dr l(t), an el T, 


where i(f) is the current and L, R, and C are constants. It follows that the current in a 
circuit, such as that shown in Figure 7.4.2, is governed by the integrodifferential 
equation 


L - + Ri(t) + t fiw dt = E(t). (10) 


207 ~ 
10 
—10 
—20 
—30 
x » 


0.5 1 1 2 255 


FIGURE 7.4.3 Graph of current i(f) 


in Example 6 
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[ EXAMPLE 6 An Integrodifferential Equation 


Determine the current i(f) in a single-loop LRC circuit when L = 0.1 h, R= 2 Q, 
C = 0.1 f, i(0) = 0, and the impressed voltage is 


E(t) = 120t — 120t U(t — 1). 


SOLUTION With the given data equation (10) becomes 
diy. n 
o1 + 2i + 10| i(7) dr = 120t — 120t U(t — 1). 
0 


Now by (7), Z| [i iCD dv] = 1(s)/s, where I(s) = Z(i(f). Thus the Laplace 
transform of the integrodifferential equation is 


I(s) L4: 1 - 
O.1s/(s) + 2I(s) + 10 = 120 z 35€ '-—-—e'*|. «by(16 of Section 7.3 
M M Ss Ss 


Multiplying this equation by 10s, using s? + 20s + 100 = (s + 10)’, and then solving 
for I(s) gives 


ME MA 
MEL E +102 s(s- 109. (s+ 104 | 


By partial fractions, 


I(s) = 1200 


1/100 1/100 — 1/10 — 1/100 . 
e 
s+10 (s+ 10y s 


1/100 1/10 . Oo 
1 € ' E~ 5€ 
s +10 (s 10y (s + 10) 


From the inverse form of the second translation theorem, (15) of Section 7.3, we 
finally obtain 


i(f) = 12[1 — Ult — 1)] — I2[e '' — eD Ut — 1)] 
— 120te™!™ — 1080(r — 1)e 19 - P U(t — 1). 


Written as a piecewise-defined function, the current is 


i(r) 12 — 12e '* = 120te 19". 0zrt«l 
i(f) = 

—12e ! + 12e 1070 — 120te7!™* — 1080(r — 1)e 8-2, [am]. 
Using this last expression and a CAS, we graph i(t) on each of the two intervals and 


then combine the graphs. Note in Figure 7.4.3 that even though the input E(f) is 
discontinuous, the output or response i(t) is a continuous function. a 


7.4.5 TRANSFORM OF A PERIODIC FUNCTION 


PERIODIC FUNCTION If a periodic function has period T, T>0, then 
f(t + T) = f(t). The next theorem shows that the Laplace transform of a periodic 
function can be obtained by integration over one period. 


|THEOREM 7.4.3 Transform of a Periodic Function 


If f(f) is piecewise continuous on [0, ©), of exponential order, and periodic with 
period 7, then 
T 


1 
ZA f(D} = a [oro dt. 
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E(t) 


| l | | 
— — 
| d 2 3 4 


FIGURE 7.4.4 Square wave 


> 


t 


1 


1+x 


PROOF Write the Laplace transform of f as two integrals: 


T 


oc 


e "f(t) dt + [ eno dt. 


T 


L{ FO} = Í 


When we let t = u + T, the last integral becomes 


oœ 


fero dt = [ en +T)du= e e " f(u) du = e^T £(f(t). 
0 0 


T 
T 


Therefore L{ fo} = f e™ f(t) dt + eT EFO. 
0 


Solving the equation in the last line for L {f(t} proves the theorem. E 


l EXAMPLE 7 Transform of a Periodic Function 


Find the Laplace transform of the periodic function shown in Figure 7.4.4. 


SOLUTION The function E(¢) is called a square wave and has period T = 2. For 
0 x t « 2, E(t) can be defined by 


1 Ozxt«l 
EQ = 
0 1zft«2 


and outside the interval by f(t + 2) = f(t). Now from Theorem 7.4.3 


1 2 1 1 2 
L{E(t)} = —— e "E(t) dt = — es idt + e^ + Odt 
1—e* Jo ee Je 


1 ] emet m a 7 
l-e " eI GE XDeg) 
C I UN 11 NM 
s(l4 ey 


| EXAMPLE 8 A Periodic Impressed Voltage 


The differential equation for the current i(f) in a single-loop LR series circuit is 
L a + Ri = E(t) (12) 
= i= : 
dt 


Determine the current i(t) when i(0) = 0 and E(t) is the square wave function shown 
in Figure 7.4.4. 


SOLUTION If we use the result in (11) of the preceding example, the Laplace trans- 
form of the DE is 


Is ERR io MEN: 
QS CANT que T AO nee Lees 


(13) 


To find the inverse Laplace transform of the last function, we first make use of geo- 
metric series. With the identification x = e ?, s > 0, the geometric series 


1 


=1-x+x—-x+--> becomes i A a ee 9 rua 


te~ 


FIGURE 7.4.5 Graph of current i(t) in 
Example 8 
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—! -HR 
s(s + R/L) | s 


L/R 
s + R/L 


From 


we can then rewrite (13) as 


io 2 (1- Ja - Ts lp —2S ou -3s 4 ) 
UCRNS s4RIL db S 


1 ( e* e g^ ) 1 ( 1 1 H es e^ ) 
= + tees es + ee. 
R\s s s 5 RNs t R/L s t R/L s+ R/L s+R/L 


By applying the form of the second translation theorem to each term of both series, 
we obtain 


in) == — Ut — 1) + Ut — 2) — Ut - 3) +--+) 
= Qe — e REVEL Gace = 1) + e REDE Yt — 2) — g RG 3L YE — 3) + - 4) 
or, equivalently, 
i(t) = ža = eg Rly + p (=D (17e REM) Ut — p), 


n-l 


To interpret the solution, let us assume for the sake of illustration that R = 1, L = 1, 
and 0 =t < 4. In this case 


it) -1—e'—(1—e bat —1) + (A — e?» Uat- 2) -(1—e € ?)Qt(t — 3); 


2 in other words, 
1.3 
1 1—e', 0zr«l 
0.5 f —e™ + ee), 1s=r<2 
pi dd 1 *- aaa 9 2=t<3 
1 2 3 4 =e“ + e CD — eD y eH) 3S4, 


The graph of i(t) for 0 = t < 4, given in Figure 7.4.5, was obtained with the help 
of a CAS. a 


Answers to selected odd-numbered problems begin on page ANS-11. 


| EXERCISES 7.4 


7.4.1 DERIVATIVES OF A TRANSFORM 


In Problems 1-8 use Theorem 7.4.1 to evaluate the given 
Laplace transform. 


1. fre!) 
3. Z[tcos2t) 
5. L{f sinh t} 
7. Ste" sin 6t) 


2. Abe} 

4. L{t sinh 3t} 

6. Lif cos t) 

8. Z[te ?' cos 3t} 


In Problems 9-14 use the Laplace transform to solve 
the given initial-value problem. Use the table of Laplace 
transforms in Appendix III as needed. 


y0) — 0 
»(0) = 0 


9. y' +y=tsint, 


10. y' — y = te sin t, 


11. y" + 9y = cos3t, y(0) 22, y(0)=5 


12. y' ty ^sint, yO)=1, y'(0) 5 —I 


13. y" + 16y =f, y(0)—-0, y'(0)-— 1, where 
cos 4t OSt<7 
f(0- [s Me 
14. y" cy 2 fn, y(0-1, y'(0)- 0, where 
1, 0O<t<7/2 
fit) = | / 
sin f, t= 7/2 


In Problems 15 and 16 use a graphing utility to graph the 
indicated solution. 


15. y(t) of Problem 13 for 0 =t< 27 
16. y(t) of Problem 14 for 0 = t < 37 


290 ° CHAPTER 7 THE LAPLACE TRANSFORM 


In some instances the Laplace transform can be used to solve 
linear differential equations with variable monomial coeffi- 
cients. In Problems 17 and 18 use Theorem 7.4.1 to reduce 
the given differential equation to a linear first-order DE 
in the transformed function Y(s) = L{y(t)}. Solve the first- 
order DE for Y(s) and then find y(t) = -!(Y(s)). 


17. ty" —y' - 20, y(0)=0 
18. 2y" + ty’ —2y=10, y(0) =y'(0) =0 


7.4.2 TRANSFORMS OF INTEGRALS 


In Problems 19—30 use Theorem 7.4.2 to evaluate the given 
Laplace transform. Do not evaluate the integral before 
transforming. 


19. F{1 * BP} 20. L{t?* te} 
21. L{e'* e' cos t) 22. L{e?' * sin t} 


23. A fear 24. zs rar} 

25. af [ereas rar} 26. A [ rss rar} 

27. zr) 28. PIE T COS (f — 7) dl 
29. D E 30. D [ee 


In Problems 31-34 use (8) to evaluate the given inverse 
transform. 


oen] eem 
31. f [s a 32. SN 


tea} tte 
33. £ [x =D 34. L Ga. 


35. The table in Appendix III does not contain an entry for 


88s 
-1 
x [c s i 


(a) Use (4) along with the results in (5) to evaluate this 
inverse transform. Use a CAS as an aid in evaluating 
the convolution integral. 


(b) Reexamine your answer to part (a). Could you have 
obtained the result in a different manner? 


36. Use the Laplace transform and the results of Problem 35 
to solve the initial-value problem 


y”"+y=sint+tsint, y(0) —0, y'(0)- O0. 


Use a graphing utility to graph the solution. 


In Problems 37—46 use the Laplace transform to solve the 
given integral equation or integrodifferential equation. 


37. f(t) + fo —af()dr=t 
0 


t 


38. f(t) = 2t — af sin T f(t — 7) dv 
0 


t 


39. f(t) = te’ + f Tf(t — "dc 
0 
40. f(t) +2 [10 cos (t — 7) dr = 4e ! + sint 
0 


41. f(t) + f AD dr-1 
0 


t 


42. f(t) = cost + f e "f(t — ndar 


0 


43. fi) - 1 9t aK t f(a) dr 
0 


44. t — 2f() = [e e )f(t - dr 
0 


t 


45. y(t) = 1 — sint — i y(t) dt, y(0) =0 


0 


t 


dy f 
— + 6) +9] yDdr=1, yO)=0 
0 


46. 

dt 
In Problems 47 and 48 solve equation (10) subject to i(0) = 0 
with L, R, C, and E(t) as given. Use a graphing utility to graph 
the solution for 0 = t = 3. 


47. L=0.1h,R = 3 Q, C = 0.05 f, 
E(t) = 100[%(t — 1) — Ut — 2)] 


48. L = 0.005 h, R = 10, C = 0.02 f, 
E(t) = 100[t — (t — DUC — 1)] 


7.4.3 TRANSFORM OF A PERIODIC 
FUNCTION 


In Problems 49-54 use Theorem 7.4.3 to find the Laplace 
transform of the given periodic function. 


49. fA 


meander function 


FIGURE 7.4.6 Graph for Problem 49 


50. SO 


a 2a 3a 4a 
square wave 


FIGURE 7.4.7 Graph for Problem 50 
51. fo 


WAV AYA A 


b 2b 3b 4b 


sawtooth function 


FIGURE 7.4.8 Graph for Problem 51 


52. SO 


~Y 


triangular wave 


FIGURE 7.4.9 Graph for Problem 52 


53. f) 
1 


full-wave rectification of sin t 


FIGURE 7.4.10 Graph for Problem 53 


54. f(t) 
1 


half-wave rectification of sin t 


FIGURE 7.4.11 Graph for Problem 54 


In Problems 55 and 56 solve equation (12) subject to 
i(0) = 0 with E(f) as given. Use a graphing utility to graph 
the solution for 0 = t < 4 in the case when L = 1 and R = 1. 


55. E(t) is the meander function in Problem 49 with 
amplitude 1 and a — 1. 

56. E(t) is the sawtooth function in Problem 51 with 
amplitude 1 and b = 1. 

In Problems 57 and 58 solve the model for a driven 

spring/mass system with damping 

d?x dx 
+ 

dt? P 


+ kx =f), x(0) =0, x'(0)- 0, 


m 


where the driving function f is as specified. Use a graphing 
utility to graph x(f) for the indicated values of t. 
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57. m = 1 B=1, k=5, f is the meander function in 


Problem 49 with amplitude 10, anda = 7,0 S t < 2r. 


58. m = 1, B = 2, k = 1, fis the square wave in Problem 50 
with amplitude 5, and a = 7,0 S t < 4r. 


Discussion Problems 


59. Discuss how Theorem 7.4.1 can be used to find 


tin zz 
Scl 


60. In Section 6.3 we saw that ty" + y' + ty = 0 is Bessel’s 
equation of order v = 0. In view of (22) of that section 
and Table 6.1 a solution of the initial-value problem 
ty" + y' + ty = 0, y(0) = 1, y'(0) = 0, is y = Jo(f). Use 
this result and the procedure outlined in the instructions 
to Problems 17 and 18 to show that 


PNO = —— 

WO NET 
[Hint: You might need to use Problem 46 in 
Exercises 7.2.] 


61. (a) Laguerre’s differential equation 
ty" + (1— Dy' + ny =0 


is known to possess polynomial solutions when 7 is 
a nonnegative integer. These solutions are naturally 
called Laguerre polynomials and are denoted by 
L,(t). Find y = L,(t), for n = 0, 1, 2, 3, 4 if it is 
known that L,(0) = 1. 


(b) Show that 
el d" 
——fle t+ = Yi 
DE dt" 3 | (5) 


where Y(s) = L{y} and y = L,(f) is a polynomial 
solution of the DE in part (a). Conclude that 


1 n 


LR 
L =e", 


=0,1,2,.... 
n! dr" i 


This last relation for generating the Laguerre poly- 
nomials is the analogue of Rodrigues’ formula for 
the Legendre polynomials. See (30) in Section 6.3. 


Computer Lab Assignments 


62. In this problem you are led through the commands in 
Mathematica that enable you to obtain the symbolic 
Laplace transform of a differential equation and the so- 
lution of the initial-value problem by finding the inverse 
transform. In Mathematica the Laplace transform of 
a function y(t) is obtained using LaplaceTransform 
[y[t], t, s]. In line two of the syntax we replace 
LaplaceTransform [y[t], t, s] by the symbol Y. (If you 
do not have Mathematica, then adapt the given proce- 
dure by finding the corresponding syntax for the CAS 
you have on hand.) 
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Consider the initial-value problem 
y" + 6y' + 9y 2 tsint, y(0)=2, y(0)= -1. 


Load the Laplace transform package. Precisely reproduce 
and then, in turn, execute each line in the following 
sequence of commands. Either copy the output by hand 
or print out the results. 


diffequat = y” [t] + 6y'[t] + 9y[t] == t Sin[t] 
transformdeq = LaplaceTransform [diffequat, t, s] /. 
{y[0] — > 2, y'[0] — > —1, 
LaplaceTransform [y[t], t, s] — > Y) 
soln = Solve[transformdeq, Y ]//Flatten 
Y = Y/.soln 
InverseLaplaceTransform[ Y, s, t] 


63. Appropriately modify the procedure of Problem 62 to 
find a solution of 
y" + 3y'— 4y = 0, 
x0) = 0, y(0)—0, y'(0)— I. 
64. The charge q(t) on a capacitor in an LC series circuit is 
given by 
d?g 
df? 
q(0) —0, q*0)- 0. 


+q=1-4Ut— m) + 6U(t — 3), 


Appropriately modify the procedure of Problem 62 to 
find q(t). Graph your solution. 


7.5 THE DIRAC DELTA FUNCTION 


Laplace transform is F(s) = 1. 


UNIT IMPULSE 


INTRODUCTION In the last paragraph on page 261, we indicated that as an immediate conse- 
quence of Theorem 7.1.3, F(s) = 1 cannot be the Laplace transform of a function f that is piecewise 
continuous on [0, ©) and of exponential order. In the discussion that follows we are going to intro- 
duce a function that is very different from the kinds that you have studied in previous courses. We 
shall see that there does indeed exist a function—or, more precisely, a generalized function—whose 


Mechanical systems are often acted on by an external force (or 


electromotive force in an electrical circuit) of large magnitude that acts only for a 
very short period of time. For example, a vibrating airplane wing could be struck by 
lightning, a mass on a spring could be given a sharp blow by a ball peen hammer, and 
a ball (baseball, golf ball, tennis ball) could be sent soaring when struck violently by 
some kind of club (baseball bat, golf club, tennis racket). See Figure 7.5.1. The graph 
of the piecewise-defined function 


FIGURE 7.5.1 A golf club applies a 
force of large magnitude on the ball for a 
very short period of time 


0, Ost<h-a 
1 

od = ig) = 2a ly -azt«tyta (1) 
0, t=tj+a, 


a> 0, to > 0, shown in Figure 7.5.2(a), could serve as a model for such a force. For a 
small value of a, Ôa (t — to) is essentially a constant function of large magnitude that is 
"on" for just a very short period of time, around to. The behavior of &4(t — to) as a — 0 
is illustrated in Figure 7.5.2(b). The function Ó,(f — to) is called a unit impulse, 


because it possesses the integration property Í o9,(t — ty) dt = 1. 


DIRAC DELTA FUNCTION In practice it is convenient to work with another type of 
unit impulse, a “function” that approximates 6,(¢ — to) and is defined by the limit 


à — fo) = lim — to). Q) 


p— 2a ——| 
1/2a 
| | 
| | 
tọo-a to tota É 


(a) graph of 6,(t — t) 


(b) behavior of ô, as a —> 0 


FIGURE 7.5.2 Unit impulse 
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The latter expression, which is not a function at all, can be characterized by the two 
properties 


esi - i fo m E af e- ade 1 
0 


0, f tg 


The unit impulse (f — tọ) is called the Dirac delta function. 
Itis possible to obtain the Laplace transform of the Dirac delta function by the for- 
mal assumption that (6(r — tọ)} = lim, ,9.Z(&,(t — t)}. 


THEOREM 7.5.1 Transform of the Dirac Delta Function 


For to > 0, SIo(r — f)} =e ™. 


PROOF To begin, we can write 6,(f — t9) in terms of the unit step function by 
virtue of (11) and (12) of Section 7.3: 


1 
6, (t f) = 5 Ut (to — a)) — UG — (to + a)l. 


By linearity and (14) of Section 7.3 the Laplace transform of this last expression is 


1 eg 30-90 eg 39 e — e™ 
EAUX to)} = zl 5 | ex ) (4) 


5 2sa 


Since (4) has the indeterminate form 0/0 as a — 0, we apply L'Hópital's Rule: 


LAS — 4) = lim (8, — 1) = e-* lim (c) =e m 


2sa 


Now when fo = 0, it seems plausible to conclude from (3) that 
SL{d(H} = 1. 


The last result emphasizes the fact that ô(f) is not the usual type of function that we have 
been considering, since we expect from Theorem 7.1.3 that  ( f(r)) — 0 as s — cc. 


| EXAMPLE 1 Two Initial-Value Problems 


Solve y" + y = 4ó(t — 27) subject to 
(a) yO) = 1, y'(0 20 (b) yO)=0, y'(0) — O. 


The two initial-value problems could serve as models for describing the motion of a 
mass on a spring moving in a medium in which damping is negligible. At t = 277 the 
mass is given a sharp blow. In (a) the mass is released from rest 1 unit below the 
equilibrium position. In (b) the mass is at rest in the equilibrium position. 


SOLUTION (a) From (3) the Laplace transform of the differential equation is 


4e ?Ts 


SK-s +N) or Yo) n "RE RE 


Using the inverse form of the second translation theorem, we find 
y(t) = cos t + 4sin(t — 23) Ult — 23). 
Since sin(t — 27) = sin t, the foregoing solution can be written as 


COS f, 0Ost<27 
yO = . 
COS f + A sin f, t= 27. 
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ya In Figure 7.5.3 we see from the graph of (5) that the mass is exhibiting simple 
harmonic motion until it is struck at f = 27r. The influence of the unit impulse is to 
increase the amplitude of vibration to V17 for t > 2r. 


(b) In this case the transform of the equation is simply 


X ) E 4e-?75 
A 7m. 
and so y(t) = 4sin(t — 27) U(t — 2) 
FIGURE 7.5.3 Mass is struck at t = 27 0, 0zrt«2m 
~ ; (6) 
4 sin f, t= 2r. 


ka 
> 


The graph of (6) in Figure 7.5.4 shows, as we would expect from the initial conditions 
that the mass exhibits no motion until it is struck at t = 277. E 


I REMARKS 


(i) If 6(t — to) were a function in the usual sense, then property (i) on page 293 
would imply f$ 6(¢ — tọ) dt = O rather than fọ lt — tọ) dt = 1. Because the 
Dirac delta function did not “behave” like an ordinary function, even though its 
FIGURE 7.5.4 No motion until mass users produced correct results, it was met initially with great scorn by mathe- 
is struck at / = 27 maticians. However, in the 1940s Dirac's controversial function was put on a 
rigorous footing by the French mathematician Laurent Schwartz in his book 
La Théorie de distribution, and this, in turn, led to an entirely new branch of 
mathematics known as the theory of distributions or generalized functions. 
In this theory (2) is not an accepted definition of ô(t — to), nor does one speak 
of a function whose values are either © or 0. Although we shall not pursue this 
topic any further, suffice it to say that the Dirac delta function is best character- 
ized by its effect on other functions. If fis a continuous function, then 


| S(t) S(t — t) dt = f(t) (7) 


can be taken as the definition of 5(t — to). This result is known as the sifting 
property, since 6(t — fo) has the effect of sifting the value f(to) out of the 
set of values of f on [0, ©). Note that property (ii) (with f(f) = 1) and (3) (with 
f( = e “) are consistent with (7). 

(ii) The Remarks in Section 7.2 indicated that the transfer function of a 
general linear nth-order differential equation with constant coefficients is 
W(s) = 1/P(s), where P(s) = as” + a,_,s" | + +++ + ag. The transfer 
function is the Laplace transform of function w(t), called the weight function 
of a linear system. But w(f) can also be characterized in terms of the discus- 
sion at hand. For simplicity let us consider a second-order linear system in 
which the input is a unit impulse at ¢ = 0: 


ay" + ay’ + ay = dt), y(0)—0, y(0)=0. 


Applying the Laplace transform and using #{ 6(t)} = 1 shows that the trans- 
form of the response y in this case is the transfer function 


1 
as tasta P(s) 


MO) = — W(s) and so y= zl — w(t). 


P(s) 


From this we can see, in general, that the weight function y = w(t) of an nth-order 
linear system is the zero-state response of the system to a unit impulse. For this 
reason w(t) is also called the impulse response of the system. 
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| | EXERCISES 7.5 


Answers to selected odd-numbered problems begin on page ANS-12. 


In Problems 1-12 use the Laplace transform to solve the 
given initial-value problem. 
. y —3y=6(t- 2), y(0)20 
.y'ty-ó(r-1), y(0)22 
-y"+y=6t— 2m), yO) = 0, y'(0) = 1 
. y" + 16y = ô(t — 20), y(0) = 0, y’(0) = 0 
wy" ty = é(r— ia) + 8(¢ — èr), 

yO) = 0, y'(0) = 0 
6. y” + y = 6(t— 277) + ó(t— 4-7), -y(O) = 1, y'(0) = 0 
7. y" + 2y’ 26(t— 1), yO) =0,y'(0) = 1 
8 
9 


Un Aà U N m 


oy —2y'=1+6ô@-—2), y(0)=0,y'(0)=1 
. y” + 4y' + Sy = 6(t-— 2r), y(0)=0,y'(0)=0 
10. y"+ 2y'+y=6(t—-1), yO) =0,y'(0) =0 
11. y" + 4y’ + 13y = 6(t — m) + é(t — 3T), 
y(0) = 1,y' (00-0 
12. y" — 7y' + 6y =e' + ó(t — 2) + S(t — 4), 
y(0) = 0, y'(0) = 0 


13. A uniform beam of length L carries a concentrated load 
Wo atx = iL. The beam is embedded at its left end and 


is free at its right end. Use the Laplace transform to 
determine the deflection y(x) from 


where y(0) = 0, y'(0) = 0, y"(L) = 0, and y"(L) = 0. 


14. Solve the differential equation in Problem 13 subject to 
y(0) = 0, y'(0) = 0, y(L) = 0, y'(L) = 0. In this case 
the beam is embedded at both ends. See Figure 7.5.5. 


FIGURE 7.5.5 Beam in Problem 14 


Discussion Problems 

15. Someone tells you that the solutions of the two IVPs 
y0 =0, yqd»-—1 
y(0) —0, y(0) —0 


are exactly the same. Do you agree or disagree? Defend 
your answer. 


y" + 2y' + 10y = 0, 
y" + 2y' + 10y = (ð, 


7.6 SYSTEMS OF LINEAR DIFFERENTIAL EQUATIONS 


REVIEW MATERIAL 


forms in the usual manner. 


e Solving systems of two equations in two unknowns 


INTRODUCTION When initial conditions are specified, the Laplace transform of each equation 
in a system of linear differential equations with constant coefficients reduces the system of DEs to a 
set of simultaneous algebraic equations in the transformed functions. We solve the system of 
algebraic equations for each of the transformed functions and then find the inverse Laplace trans- 


COUPLED SPRINGS Two masses m, and m are connected to two springs A and 
B of negligible mass having spring constants kı and k2, respectively. In turn the two 
springs are attached as shown in Figure 7.6.1. Let x(t) and x»(f) denote the vertical 
displacements of the masses from their equilibrium positions. When the system is in 
motion, spring B is subject to both an elongation and a compression; hence its net 
elongation is x? — xı. Therefore it follows from Hooke's law that springs A and B 
exert forces —k,x, and k»(x5 — xj), respectively, on mı. If no external force is 
impressed on the system and if no damping force is present, then the net force on m, 
is —kjx, + k2(x2 — x1). By Newton's second law we can write 


d?x 
"i = —hx, + kx, — xi). 


kx 


(a) equilibrium (b) motion (c) forces 


FIGURE 7.6.1 


system 


Coupled spring /mass 


2.5 3 T- 1012.5 15 


(a) plot of x(t) vs. t 


x) 
0.4 
0.2 


—0.2 
—0.4 


2:5 5 T7.» 10 12.5 15 


(b) plot of x(t) vs. t 


FIGURE 7.6.2 Displacements of the 
two masses 


ky(x» =- x1) 


kan — xi) 
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Similarly, the net force exerted on mass m is due solely to the net elongation of 
B; that is, —k2(x2 — xj). Hence we have 


d?x 
m,—. = =k — x). 


dt 


In other words, the motion of the coupled system is represented by the system of 
simultaneous second-order differential equations 


mxi = kx + Eo — x) 
(1) 


mx = ~ka% — x). 


In the next example we solve (1) under the assumptions that kı = 6, k2 = 4, 
m, = 1, m = 1, and that the masses start from their equilibrium positions with 
opposite unit velocities. 


l EXAMPLE 1 Coupled Springs 


xt + 10x — 4x, = 0 
—4x, + x3 + 4x, = 0 
subject to x,(0) = 0, x1(0) = 1, x4(0) = 0, x5(0) = —1. 


Solve 


(2) 


SOLUTION The Laplace transform of each equation is 
s’ X (s) — sx,(0) — xi(0) + 10X,(s) — 4X,(s) = 0 
—4X\(s) + s?X5(s) — sx4(0) — x4(0) + 4X,(s) = 0, 


where X,(s) = L{x,(H} and X,(s) = Z(x,(f)). The preceding system is the 
same as 


(s? + 10) X,(s) — 4X,(s) = 1 


(3) 
—AX(s) + (s + 4) X4(s) = —1. 


Solving (3) for X;(s) and using partial fractions on the result yields 


2 
s Ms , 6/5 


X(s) = - 
Benet $2 $41 


and therefore 


1 V2 6 V12 
= —1 =] 
uoc E R m +} UIS {3 " A 
= -Y2 in Vt + Y as 2V3t. 


Substituting the expression for X;(s) into the first equation of (3) gives 


Xs) = +6 " 2/5 3/5 
OU XP pM) dum Pi 
2 v2 3 v12 
= —— i = Ta » 
and xxt) sum {3 FS +} 54/12 2 {3 + S 


2 
= -X2 sin V2t — YS sin 2 Vat. 


FIGURE 7.6.3 Electrical network 
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Finally, the solution to the given system (2) is 


x (i) = nc sin V2t + YS sin 2 V3t 
v2 v3 P 
x(t) = — “= sin V2t — — sin 2 V3t. 


The graphs of x; and x» in Figure 7.6.2 reveal the complicated oscillatory motion of 
each mass. a 


NETWORKS In (18) of Section 3.3 we saw the currents i(t) and i5(f) in the 
network shown in Figure 7.6.3, containing an inductor, a resistor, and a capacitor, 
were governed by the system of first-order differential equations 


LA + Ri, = E(t) 
" (5) 
i : , 
RC + iy — i, = 0. 


We solve this system by the Laplace transform in the next example. 


| EXAMPLE 2 An Electrical Network 


Solve the system in (5) under the conditions E(t) = 60 V, L = 1h, R = 50 QO, 
C = 10? f, and the currents i; and i» are initially zero. 


SOLUTION We must solve 
a + 50i, = 60 
dt 2 
di, 
50107 — + i, — i, = 0 
( ) dt 57H 
subject to i;(0) = 0, i2(0) = 0. 
Applying the Laplace transform to each equation of the system and simplifying 
gives 
60 
sl,(s) + 50L(s) = — 
s 
—2001,(s) + (s + 200)L(s) = 0, 


where /,(s) = Sin) and L(s) = L{i,(1)}. Solving the system for /; and h and 
decomposing the results into partial fractions gives 


15) = 908 + 12,000 _ 6/5 6/5 60 
MAT NS 100? s s+100 (+ 1002 
12,000 6/5 6/5 120 
Is) = 7 = " 
s(s + 100) sS s + 100 (s 100) 


Taking the inverse Laplace transform, we find the currents to be 


e 100t _ 60te- 190r 


i) = 


g 19e. 120281 m 


i(t) = 


AIA NID 
NIN AIA 
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FIGURE 7.6.4 


Double pendulum 


Note that both (f and i2(f) in Example 2 tend toward the value 
E/R =£ as t—> œ. Furthermore, since the current through the capacitor is 


i3 (t) = it) — in(t) = 60te~!™, we observe that i(t) — 0 as t — oc. 


DOUBLE PENDULUM Consider the double-pendulum system consisting of a 
pendulum attached to a pendulum shown in Figure 7.6.4. We assume that the system 
oscillates in a vertical plane under the influence of gravity, that the mass of each rod 
is negligible, and that no damping forces act on the system. Figure 7.6.4 also shows 
that the displacement angle 0; is measured (in radians) from a vertical line extending 
downward from the pivot of the system and that 0; is measured from a vertical line 
extending downward from the center of mass mı. The positive direction is to the 
right; the negative direction is to the left. As we might expect from the analysis lead- 
ing to equation (6) of Section 5.3, the system of differential equations describing the 
motion is nonlinear: 


(m, + m4J20,  mjl,,07 cos (0; — 05) + m4lL(65 sin (0; — 6) + (m, + m,)l,g sin 0, = 0 


(6) 


mjl207 + Ml ,1,0)' cos (0; xd 05) = mjl (01 y sin (0, eue 05) + mlg sin 0; = 0. 


But if the displacements 0,(f) and 05(t) are assumed to be small, then the approximations 
cos(0; — 05) = 1, sin(@; — 05) = 0, sin 0; = 01, sin 0» = 05 enable us to replace system 
(6) by the linearization 


(m, + m ÊO! + m4l0; + (m, + mjlyg0, = 0 


(7) 
mlo; + mL 0! + mjl;g0, = 0. 


EXAMPLE 3 Double Pendulum 


It is left as an exercise to fill in the details of using the Laplace transform to solve 
system (7) when m, = 3, m = 1, l = h = 16, 0,(0) = 1, 05(0) = —1, 6;(0) = 0, 
and 65(0) = 0. You should find that 


1 2 ou» 
0,(f) = Pis wa! | 4 955 2t 
(8) 
1 2 3 
6,(t) = 2 cos Va t 2 cos 2t. 


With the aid of a CAS the positions of the two masses at t — 0 and at subsequent 
times are shown in Figure 7.6.5. See Problem 21 in Exercises 7.6. 


(a) t— 0 


(b) t= 14 (c) t= 2.5 (d) t= 8.5 


FIGURE 7.6.5 Positions of masses on double pendulum at various times | 
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| EXERCISES 7.6 


Answers to selected odd-numbered problems begin on page ANS-12. 


In Problems 1—12 use the Laplace transform to solve the 
given system of differential equations. 


1. 


11. 


12. 


dx dx 


= -xy + 2. — —2y + e 
d 7. ge ee 
d 
es 2x B —8x-t 
dt dt 
x(0)—0, y(0-—1 x(0)=1, yO)=1 
d. d. d 
IX 2x-2y 4, aae =1 
dt dt dt 
dy dx dy 
Bet = ea + == 2 
dt d dt S dt A 
x(0) = —1, y(0)=2 x(0)=0, y(0)=0 
d d 
2— 42.3 =] 
dt dt 
dx | dy 
=2 
kra "N 
x(0)—0, y(0)=0 
dx dy 
+ + y= 
dt " dt pcs 
gs dy +2y=0 
dt dt 
x(0)=0, y(0)=1 
d?x dx dx dy 
+ = 
"SLE o * d? dt dt 9 
d?y dy | dy dx 
— -*y-x- 4—- 
qp x9 ga c" 
x(0)=0, x'(0)- -2, x(0)— 1, x'(0)= 0, 
y(0) =0, y(0)=1 y0)-2-1 yO)=5 
dx | d?y dx dy 
— =f 10. — —4x + — = ósi 
d? d? x dt E d? qom 
dx d’y dx dy 
— ——L-4 *t2x-2— -—0 
d? qa di ^7 ^g 
x(0) = 8, x'(0)- 0, x(0) — 0, y(0)—0, 
y(0 20, y'(0) =0 y(0)—0, y"(0) =0 
d?x dy 
+ +3y= 
d£ 3 dt dni) 
d?x E 
dg T 3y —fel 
x(0)=0, x’(0)=2, y(0-0 
dx 
—=4x-2y+2Ur-1 
di x — 2y ( ) 
dy 
Z -23x- yt Ut-1 
dp oo ( ) 


x(0) = 0, y(0) = 5 


13. 


14. 


15. 


16. 


Solve system (1) when kı = 3, ky = 2, m, = 1, m = 1 
and x;(0) = 0, x;(0) = 1, x2(0) = 1, x4(0) = 0. 


Derive the system of differential equations describing the 
straight-line vertical motion of the coupled springs shown 
in Figure 7.6.6. Use the Laplace transform to solve the 
system when kı = 1, k2 = 1, k3 = 1, m, = 1,m = 1 and 
xi(0) = 0, x;(0) = —1, x2(0) = 0, x5(0) = 1. 


ky 
X1 20 ---— 

ky 
xX =0 im 

k3 


FIGURE 7.6.6 Coupled springs in Problem 14 


(a) Show that the system of differential equations for 
the currents i2(t) and i3(f) in the electrical network 
shown in Figure 7.6.7 is 


L, 22 ni, + Ri E(t) 
ao“ h = 
1 at l2 3 
di . f 
E ET + Ri, + Ri, = E(t). 
(b) Solve the system in part (a) if R = 5 Q, Lı = 0.01 h, 


L5 = 0.0125 h, E = 100 V, i2(0) = 0, and i3(0) = 0. 


(c) Determine the current i(t). 


FIGURE 7.6.7 Network in Problem 15 


(a) In Problem 12 in Exercises 3.3 you were asked to 
show that the currents i2(f) and i3(f) in the electrical 
network shown in Figure 7.6.8 satisfy 


di, di 


L= + L + Ri = Ett 
de dar PS M 
di, di; 1 

RFR pe 

1de Pdt C” 
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Solve the system if Rj = 100, 55 =5Q,L= Ih, 
C — 02 f, 


120, 0zft«2 
E(t) = 
0, f= 2, 
i2(0) = 0, and 73(0) = 0. 


(b) Determine the current i)(7). 


FIGURE 7.6.8 Network in Problem 16 


17. Solve the system given in (17) of Section 3.3 when 
Ri =60,R2 =50,L, = 1h, L= 1h, E(t) = SOsint V, 
i2(0) = 0, and i3(0) = 0. 

18. Solve (5) when E=60V, L= Ih, R=500, 
C = 107^ f, i,(0) = 0, and i,(0) = 0. 

19. Solve (5) when E=60V, L=2h, R=50Q, 
C = 107^ f, i,(0) = 0, and i,(0) = 0. 


20. (a) Show that the system of differential equations for the 
charge on the capacitor q(t) and the current i3(t) in 
the electrical network shown in Figure 7.6.9 is 


dq 1 . 
R, u cl + Rii, = E(t) 
peer : 0 
A l = — x. 
d 9 up 


(b) Find the charge on the capacitor when L = 1h, 
R, =10,R,=10,C= 1f, 


0, O0ct«l 
E(t) = m 
50e !, pz 


i3(0) = 0, and q(0) = 0. 


FIGURE 7.6.9 Network in Problem 20 


Computer Lab Assignments 


21. (a) Use the Laplace transform and the information 
given in Example 3 to obtain the solution (8) of the 
system given in (7). 

(b) Use a graphing utility to graph 0;(f) and 05(f) in the 
10-plane. Which mass has extreme displacements of 
greater magnitude? Use the graphs to estimate the 
first time that each mass passes through its equilib- 
rium position. Discuss whether the motion of the 
pendulums is periodic. 


(c 


— 


Graph 0,(f) and 05(f) in the 0105-plane as parametric 
equations. The curve defined by these parametric 
equations is called a Lissajous curve. 


(d) The positions of the masses at t — O0 are given 
in Figure 7.6.5(a). Note that we have used 
1 radian = 57.3?. Use a calculator or a table 
application in a CAS to construct a table of values 
of the angles 0; and 62 fort = 1, 2, ..., 10 s. Then 
plot the positions of the two masses at these times. 


Use a CAS to find the first time that 04(f) = 62(f) 
and compute the corresponding angular value. Plot 
the positions of the two masses at these times. 


(e 


— 


(f 


— 


Utilize the CAS to draw appropriate lines to sim- 
ulate the pendulum rods, as in Figure 7.6.5. Use 
the animation capability of your CAS to make a 
"movie" of the motion of the double pendulum 
from f = 0 to t = 10 using a time increment of 
0.1. [Hint: Express the coordinates (xi(f), yı(£)) 
and (x2(f), yo(t)) of the masses mı and mo, respec- 
tively, in terms of 0;(f) and 02(t).] 
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In Problems 1 and 2 use the definition of the Laplace 
transform to find Z( f(p}. 


t, 0zr«l 
1. fA = 
uo hn t=1 
0 Ost<2 
2,.fM= 41, 251t<4 
0, t=4 


In Problems 3-24 fill in the blanks or answer true or false. 


3. If f is not piecewise continuous on [0, o»), then Z( f(A} 
will not exist. 


4. The function f(t) = (e' )!° is not of exponential order. 


5. F(s) = s?/(s? + 4) is not the Laplace transform of a 
function that is piecewise continuous and of exponential 
order. 


6. If PIFO} = F(s) and £(g()) = G(s), then 
L7'{F(s)G(s)} = fOO. 

ES e 8& Mt") |. 

9. L{sin 2t} = 10. Z(e sin2t) = 

11. L{tsin 2t} = 

12. L{sin 2t U(t — 7)) = 


is e 
(s — 5» 


16. Z- 


17. £ 


M 
s — 10s + z) T 


| 

| 
ee 0l 

| 

| 


19. £7 


20. 7! 


21. Z(e^?) exists for s > 

22. If Z(f()) = F(s), then Z(re* f(A} = 

23. If L{f(} = F(s) and k > 0, then 
Lefa — OUE- ky} = 

24. V(foe"f(r)dr) = _____ whereas 
Lieto fdr} =. 


In Problems 25-28 use the unit step function to find an 
equation for each graph in terms of the function y = f(t), 
whose graph is given in Figure 7.R.1. 


y 
y=fO 


| 
E [ 


to d 


FIGURE 7.R.1 Graph for Problems 25-28 


25. y 


to 


FIGURE 7.R.2 Graph for Problem 25 
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26. y 


to d 


FIGURE 7.R.3 Graph for Problem 26 


Duft 


27. y 


A 
to d 


FIGURE 7.R.4 Graph for Problem 27 


28. y 
dil 
| 
E d 
I 
— i 
| fj di t 


0 


FIGURE 7.R.5 Graph for Problem 28 
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In Problems 29 —32 express f in terms of unit step functions. 


Find Z(f(t)) and Fle fO). 


29. f) 
1 


po fp c 
1 2 3 4 f 


FIGURE 7.R.6 Graph for Problem 29 


30. f(04 


FIGURE 7.R.7 Graph for Problem 30 


31. SOA 
T Jg 3) 
2 


1 Em 
————————. 


FIGURE 7.R.8 Graph for Problem 31 


32. fo 


FIGURE 7.R.9 Graph for Problem 32 
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Problems 33-38 use the Laplace transform to solve the 


given equation. 


37 


38 


In 


.y"=2y'+y=e', y(0)=0,y'0) =5 

. y" — 8y' + 20y = te’, y(0) = 0, y'(0) =0 

.y'*6y + 5y=t—-tU(t— 2), yO)=1, y'(O)=0 
. y! — 5y = f(t), where 


PB, 0szż<1 


, yO) =1 
0, sei »(0) 


"E 


t 


. y'(f) = cost + f y(T) cos(t — 7) dr, y(0)= 1 


0 


; fror — T) dv = 6? 
0 


Problems 39 and 40 use the Laplace transform to solve 


each system. 


39 


41. 


42. 


43. 


44. 


. x +y=t 
4x + y =0 2x' + y" = —e” 
x(0)=1, yO) =2 x(0) = 0, y(0) = 0, 

x (Oy =0, yO) =0 


The current i(t) in an RC series circuit can be deter- 
mined from the integral equation 


Ri + L [iw dt = E(t), 


where E(t) is the impressed voltage. Determine i(t) 
when R = 10 Q, C = 0.5 f, and E(t) = 2(? + t). 


A series circuit contains an inductor, a resistor, and a 
capacitor for which L = i h, R = 10 Q, and C = 0.01 f, 
respectively. The voltage 


10, O<t<5 
E(t) — 
0, t=5 


is applied to the circuit. Determine the instantaneous 
charge q(t) on the capacitor for t > 0 if q(0) = 0 and 
q'(0) = 0. 


A uniform cantilever beam of length L is embedded at 
its left end (x = 0) and free at its right end. Find the 
deflection y(x) if the load per unit length is given by 


wo) = Zei- ra (x2) a(x-4)] 


When a uniform beam is supported by an elastic 
foundation, the differential equation for its deflection 
y(x) is 

d'y 


EI 
dx* 


+ ky = w(x), 

where k is the modulus of the foundation and —ky is the 
restoring force of the foundation that acts in the direction 
opposite to that of the load w(x). See Figure 7.R.10. For 


algebraic convenience suppose that the differential equa- 
tion is written as 

d^ w(x 

“> + 4aty = = 

dx EI 


where a = (k/AEI)"^. Assume L = 7 and a = 1. Find 
the deflection y(x) of a beam that is supported on an 
elastic foundation when 


(a) the beam is simply supported at both ends and a con- 
stant load wo is uniformly distributed along its length, 


(b) the beam is embedded at both ends and w(x) is a 
concentrated load wo applied at x = zr /2. 


[Hint: In both parts of this problem use entries 35 and 
36 in the table of Laplace transforms in Appendix III.] 


w 


(x) 


«XY 


FIGURE 7.R.10 Beam on elastic foundation in Problem 44 


45. (a) Suppose two identical pendulums are coupled by 


means of a spring with constant k. See Figure 7.R.11. 
Under the same assumptions made in the discussion 
preceding Example 3 in Section 7.6, it can be shown 
that when the displacement angles 0;(f) and 05(f) 
are small, the system of linear differential equations 
describing the motion is 


PES k 
0; + n = —— (0, — 05) 
m 


"Eg E 
05 + rz = (0; = 05). 
m 
Use the Laplace transform to solve the system when 
01(0) = 69, 61(0) = 0,05(0) = Yo, 62(0) = 0, where 
0, and y/o constants. For convenience let w? = g/l, 
K=k/m. 


(b) Use the solution in part (a) to discuss the motion 
of the coupled pendulums in the special case when 
the initial conditions are 0,(0) = 09, 0;{(0) = 0, 
05(0) = 09, 05(0) = 0. When the initial conditions 
are 0,(0) = 8o, 0:(0) = 0, 05(0) = —06, 02(0) = 0. 


FIGURE 7.R.11 Coupled pendulums in Problem 45 
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8.1 Preliminary Theory—Linear Systems 

8.2 Homogeneous Linear Systems 
8.2.1 Distinct Real Eigenvalues 
8.2.2 Repeated Eigenvalues 
8.2.3 Complex Eigenvalues 

8.3 Nonhomogeneous Linear Systems 
8.3.1 Undetermined Coefficients 
8.3.2 Variation of Parameters 

8.4 Matrix Exponential 

CHAPTER 8 IN REVIEW 


We encountered systems of differential equations in Sections 3.3, 4.8, and 7.6 and 
were able to solve some of these systems by means of either systematic elimination 
or the Laplace transform. In this chapter we are going to concentrate only on 
systems of linear first-order differential equations. Although most of the systems 
that are considered could be solved using elimination or the Laplace transform, we 
are going to develop a general theory for these kinds of systems and, in the case of 
systems with constant coefficients, a method of solution that utilizes some basic 
concepts from the algebra of matrices. We will see that this general theory and 
solution procedure is similar to that of linear high-order differential equations 
considered in Chapter 4. This material is fundamental to the analysis of nonlinear 


first-order equations. 
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8.1 


PRELIMINARY THEORY—LINEAR SYSTEMS 


REVIEW MATERIAL 


e Matrix notation and properties are used extensively throughout this chapter. It is imperative that 
you review either Appendix II or a linear algebra text if you unfamiliar with these concepts. 


INTRODUCTION Recall that in Section 4.8 we illustrated how to solve systems of n linear 
differential equations in 7 unknowns of the form 


Pi (D)x; + PD) t: + Pi, (D)x, = by) 
Pa (Dx + Po(D)x. + °° + P40Xx, = bot) (1) 
Pa (Dia  PoDya ++ +> Pu(D)x, = b), 


where the P;; were polynomials of various degrees in the differential operator D. In this chapter 
we confine our study to systems of first-order DEs that are special cases of systems that have the 
normal form 


dn 


di = gi(f,xi X... x) 

dx 

p — g(t, X1, X2, $ed X) (2) 
dx, 

x = ghb, Xi Xy... Xy). 


A system such as (2) of n first-order equations is called a first-order system. 


LINEAR SYSTEMS When each of the functions gi, g5,..., g, in (2) is linear 
in the dependent variables xj, x2, . . . , Xn, we get the normal form of a first-order 
system of linear equations: 


d. 

= = ay(f)xy + an +++ E a(x, + iO 

de _ (fn > aul + sso we, * Ain 

di 41 1 22 2 2n Ae (3) 
dx, 

dt ~ An t)x F a,y(f)x» paces Gay DX Fat): 


We refer to a system of the form given in (3) simply as a linear system. We 
assume that the coefficients aj as well as the functions f; are continuous on a 
common interval 7. When f;(t) = 0, i = 1, 2, ...,n, the linear system (3) is said to 
be homogeneous; otherwise, it is nonhomogeneous. 


MATRIX FORM OF A LINEAR SYSTEM If X, A(t), and F(f) denote the respec- 
tive matrices 
x(t) a(t) apt) >>> at) fi® 


xxt) A(t) A(t) +++ aj(t) hO 
X= Db A(t) = : "Ys F(f) = Dp 


x) ay (f) am(t) AAS CAO) fO 
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then the system of linear first-order differential equations (3) can be written as 


X ay) apt +++ ay [xi AGO 


d |? Ay (t) A(t) +++ a»(t)||x RO 
i . eI x 


Xn as, (f) ast) PS Any (f) Xn fit) 
or simply X’ = AX +F. (4) 
If the system is homogeneous, its matrix form is then 


X' = AX. (5) 


| EXAMPLE 1 Systems Written in Matrix Notation 


(a) If X = D then the matrix form of the homogeneous system 
y. 


akd 

a 779 3 4 
d is cea ;X 
y = 
= 5x -7 

dt ^ d 


X 
(b) If X — | y |. then the matrix form of the nonhomogeneous system 
Z 
dx 
a =6x+ ytzt+ t 
y 


d 6 1 1 t 
HO dy se dor is X'—-|8 7 -I|X-| 10r |. 

d 29 -1 6t 

Zz 

— — 2x - 9y — z * 6t H 
dt à Tw 


DEFINITION 8.1.1 Solution Vector 


A solution vector on an interval / is any column matrix 


Xt) 
xxt) 


X = 
Xn(t) 


whose entries are differentiable functions satisfying the system (4) on the 
interval. 


A solution vector of (4) is, of course, equivalent to n scalar equations 
xı = $i(f), x2 = b(t), ...,Xn = (t) and can be interpreted geometrically as a set 
of parametric equations of a space curve. In the important case n = 2 the equations 
xı = ,(f), x2 = 2(f) represent a curve in the x;x2-plane. It is common practice to 
call a curve in the plane a trajectory and to call the x;x2-plane the phase plane. We 
will come back to these concepts and illustrate them in the next section. 
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l EXAMPLE 2 Verification of Solutions 


Verify that on the interval (— oo, oc) 


ih Eee e~ BE ge RBA 
X, = zd ETS -— and X, e 5 e — D 


are solutions of xX’ = E x (6) 
SOLUTION From X, = ee and X, = pel we see that 
2e ?! 300% 
ama X nJ- GEM) 
mi a(S Alm) 


Much of the theory of systems of n linear first-order differential equations is 
similar to that of linear nth-order differential equations. 


INITIAL-VALUE PROBLEM Let fo denote a point on an interval J and 


xı (to) Yı 
xX2(fo) Y2 
X(t) = and X = a 
X«(fo) Yn 
where the y;, i = 1, 2, ..., n are given constants. Then the problem 
Solve: X' = A(X + F(A) 


. (7) 
Subject to: X(t) = Xo 


is an initial-value problem on the interval. 


THEOREM 8.1.1 Existence of a Unique Solution 


Let the entries of the matrices A(t) and F(7) be functions continuous on a com- 
mon interval / that contains the point tọ. Then there exists a unique solution of 
the initial-value problem (7) on the interval. 


HOMOGENEOUS SYSTEMS In the next several definitions and theorems we are 
concerned only with homogeneous systems. Without stating it, we shall always assume 
that the a;; and the f; are continuous functions of t on some common interval 7. 


SUPERPOSITION PRINCIPLE The following result is a superposition principle 
for solutions of linear systems. 


| [THEOREM 8.1.2 Superposition Principle 


Let Xj, Xo, ..., X; be a set of solution vectors of the homogeneous system (5) 
on an interval /. Then the linear combination 


X = c,X, oF Cy X3 po 8 0 Sp Cy Xi, 


where the c;, i = 1, 2,..., k are arbitrary constants, is also a solution on the 
interval. 
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It follows from Theorem 8.1.2 that a constant multiple of any solution vector of a 
homogeneous system of linear first-order differential equations is also a solution. 


| EXAMPLE 3 Using the Superposition Principle 


You should practice by verifying that the two vectors 


COS ź 0 
X = - cost + Ssint and X,-|e 
—cos f — sin t 0 


are solutions of the system 


b0 1 
X'-| 11 olx. (8) 
M 0 =] 


By the superposition principle the linear combination 


cos f 0 
X =c,X; + OX, = c —1 cos t + 4sin t + o| e 
—cost — sin t 0 
is yet another solution of the system. El 


LINEAR DEPENDENCE AND LINEAR INDEPENDENCE We are primarily in- 
terested in linearly independent solutions of the homogeneous system (5). 


DEFINITION 8.1.2 Linear Dependence/Independence 


Let Xj, X5, ..., Xz bea set of solution vectors of the homogeneous system 
(5) on an interval Z. We say that the set is linearly dependent on the interval 
if there exist constants c1, C2, . . . , Ck, not all zero, such that 


CUNUE ICONS r ot Gp, — 0 


for every t in the interval. If the set of vectors is not linearly dependent on the 
interval, it is said to be linearly independent. 


The case when k = 2 should be clear; two solution vectors X; and X» are linearly 
dependent if one is a constant multiple of the other, and conversely. For k > 2 a set of 
solution vectors is linearly dependent if we can express at least one solution vector as 
a linear combination of the remaining vectors. 


WRONSKIAN As in our earlier consideration of the theory of a single ordi- 
nary differential equation, we can introduce the concept of the Wronskian 
determinant as a test for linear independence. We state the following theorem 
without proof. 


| |THEOREM 8.1.3 Criterion for Linearly Independent Solutions 


Ea X, Mex =|. |, i X- 


Xni Xn2 Xnn 
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be n solution vectors of the homogeneous system (5) on an interval Z. Then the 
set of solution vectors is linearly independent on / if and only if the Wronskian 
Xn Xi +++ Xin 
20109335 sgg 
Dex o xj)e| ^? 7 P0 (9) 
ai Xo ++ m 
for every t in the interval. 
It can be shown that if Xi, X2, . . . , X, are solution vectors of (5), then for every 
tin J either W(X,, X5,..., X,) Z0 or WX), X5,..., X,) = 0. Thus if we can 


show that W # 0 for some tọ in J, then W # 0 for every t, and hence the solutions are 
linearly independent on the interval. 

Notice that, unlike our definition of the Wronskian in Section 4.1, here the 
definition of the determinant (9) does not involve differentiation. 


| EXAMPLE 4  Linearly Independent Solutions 


1 3 
In Example 2 we saw that X, = ( e: and X, — (e are solutions of 


system (6). Clearly, X, and X» are linearly independent on the interval (—™, o»), since 
neither vector is a constant multiple of the other. In addition, we have 


for all real values of t. E 


DEFINITION 8.1.3 Fundamental Set of Solutions 


Any set X,, X5, ..., X, of n linearly independent solution vectors of the 
homogeneous system (5) on an interval / is said to be a fundamental set of 
solutions on the interval. 


THEOREM 8.1.4 Existence of a Fundamental Set 


There exists a fundamental set of solutions for the homogeneous system (5) on 
an interval Z. 


The next two theorems are the linear system equivalents of Theorems 4.1.5 
and 4.1.6. 


THEOREM 8.1.5 General Solution— Homogeneous Systems 


Let X,, X5, ... , X, be a fundamental set of solutions of the homogeneous 
system (5) on an interval /. Then the general solution of the system on the 
interval is 


Xs = G>2.G SP Gp ae Saar. 


n? 


where the cj, i = 1,2,..., are arbitrary constants. 
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[ EXAMPLE 5 General Solution of System (6) 


1 3 
From Example 2 we know that X, = ( es and X, — (e are linearly 


independent solutions of (6) on (—™, ©). Hence X, and X» form a fundamental set 
of solutions on the interval. The general solution of the system on the interval 
is then 


Iy 3 
X=cX +toX, =c zi 2 spes 8 ee, (10 m 


[ EXAMPLE 6 General Solution of System (8) 


The vectors 


cos t 0 sin £ 
X = —5cos t F 5 sin t ; X,-—|I|e, X, = —isint = 1cos t 
—cos ft — sint 0 —sint + cost 


are solutions of the system (8) in Example 3 (see Problem 16 in Exercises 8.1). Now 


cos t 0 sin t 
W(X,, X, X3) = —icos t+ isin t æ —isin t — 1cos t =e#0 
—cost —sint 0 —sin f + cost 


for all real values of t. We conclude that X;, X», and X; form a fundamental set of 
solutions on (— co, o»). Thus the general solution of the system on the interval is the 
linear combination X = cX; + c2X2 + c3X3; that is, 


cos f 0 sin f 
X=c, — cos t + jsin t tco|lje-tcec —jsin t P 1COs t ; a 
—cost — sint 0 —sint + cost 


NONHOMOGENEOUS SYSTEMS For nonhomogeneous systems a particular 
solution X, on an interval / is any vector, free of arbitrary parameters, whose entries 
are functions that satisfy the system (4). 


THEOREM 8.1.6 General Solution — Nonhomogeneous Systems 


Let X, be a given solution of the nonhomogeneous system (4) on an interval 
I and let 


AM = G2 aw Ge. sec X. 


denote the general solution on the same interval of the associated homo- 
geneous system (5). Then the general solution of the nonhomogeneous sys- 
tem on the interval is 


XO XTX. 


The general solution X, of the associated homogeneous system (5) is 
called the complementary function of the nonhomogeneous system (4). 
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| EXAMPLE 7 General Solution — Nonhomogeneous System 


The vector X, = ( 


on the interval (—%, o»). (Verify this.) The complementary function of (11) on 


the same interval, or the general solution of X' — 


Example 5 to be X, = Zu 


3t— 4 
—5t t 6 


x'- 


1 
1 


is a particular solution of the nonhomogeneous system 


(: ) (^ - " 
X+ 
5 3 -3 


5 3 


3 
Je + a?) e*. Hence by Theorem 8.1.6 


1 3 3t— 4 
X-X,-X,- a( Le? + aa(2 Jes + ps » l 


is the general solution of (11) on (—%, o). 


EX E RC | S E S 8 : 1 Answers to selected odd-numbered problems begin on page ANS-13. 


In Problems 1—6 write the linear system in matrix form. 


dx dx 
1. —-— = 2.——4x—7 
dt dcm dt E d 
dy dy 
di x + 8y di 5x 
dx dx 
— = -3x + 4y - 4,.—=x- 
B 3x y — 9z 2 X Ey 
dy dy 
—- — — —x-4-42 
di 6x — y di x z 
dz dz 
— = 10x + 4y + L = x+ 
di Ox y + 3z EA xz 
dx 
5. —=x-ytztt-l 
F x=y tz 
d 
= ox +y—-z-3P 
dt 
dz 
——Xx-ytztÜ-tt2 
di xty+z 
d 
6. = —3x + dy + e™'sin 2t 
d 
oY = 5x + 9z + 4e™'cos 2t 
dt 
dz 
g x: 


In Problems 7-10 write the given system without the use of 
matrices. 


d 


10. — 
ur 


() 


In Problems 11-16 verify that the vector X is a solution of 


7 5 -9 0 8 
=|4 1 u|x-4!2]e*- |0]e* 
0-2 3 1 3 
1 -1 2\/x 1 
yļ=| 3 -4 1ly»|-*|2]e*—- 

z -2 5 elu \2 


= + sin f + e 
1 1/\y 8 2t+ 1 


the given system. 


11. ps 
dt 
dy 
dt 


dx 
dt 
dy 
dt 


12. 


13. X' 


14. X' 


— 3x — 4y 
—4x—7y X= (es 
i 2 
= —2x + 5y 
5 t 
= —2x + 4y; x-( DP . je 
3 cos t — sin t 


“(2 De x Qe Ce 


X, was seen in (10) of 


1 2 3 1 
15.X'-| 6 -1 O|X; X=| 6 
=] =2 =] 213 
1 0 1 sin f 
16. X'-| 1 1 O}X; X- |-isint — 5cost 
—2 0 -1 —sin f + cost 


In Problems 17-20 the given vectors are solutions of a 
system X’ = AX. Determine whether the vectors form a 
fundamental set on the interval (— oo, oo). 


1 1 
17. X, = (es X;- ( Des 


1 
18. X, = (_ 


1 1 1 
19. X, - | -2| * [2], X% =|-2], 
4 2 4 


3 2 
X, =|-6| + i4 
12 4 
1 1 J 
20. X-| 6|, X,-|-2]e*, x,=| 3 |e 
-13 -1 =o 


In Problems 21—24 verify that the vector X, is a particular 
solution of the given system. 


dx 
21. —=x+4y+ 2t-7 
dt i 


U cappe ii x, = ( “e+ (7) 
ae oe | 1 


22. 


23. 


24. 


25. 


26. 
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1 
) te’ 
1 


2 1 =) 1 
xX’ = X+ ; X,= 
1 =1 2 3 
w= (Fae Ge ses 
3 4 TEA a N= 
1 2 3 =] 
X'—|-4 2 O|X-*| 4|sin35 X, = 
—6 1 0 3 
Prove that the general solution of 
0 6 0 
X’={1 0 I|X 
1 1 0 
on the interval (— oo, ©) is 
6 =3 2 
X-c-lje'*c| lle +e} 1 e. 
=5 1 1 
Prove that the general solution of 


e-l 


d 


=[ =] 
=] 1 


1 
0 


"4 


)x 


=2 
4 


Que 


on the interval (— oo, oo) is 


l 


o) 


8.2 HOMOGENEOUS LINEAR SYSTEMS 


REVIEW MATERIAL 
e Section II.3 of Appendix II 


I 3 
homogeneous system X' = (! jx is 


e Also the Student Resource and Solutions Manual 


Because the solution vectors X; and X5 have the form 


«i 


1 3 
X = cX; + cX, = af 1)e? + of Je 


5 


Jers i= 1,2, 


INTRODUCTION We saw in Example 5 of Section 8.1 that the general solution of the 
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where kı, kz, Ay, and A» are constants, we are prompted to ask whether we can always find a solution 
of the form 


X= > |e" = Ke (1) 


for the general homogeneous linear first-order system 
X’ = AX, (2) 


where A is ann X n matrix of constants. 


EIGENVALUES AND EIGENVECTORS If (1) is to be a solution vector of 
the homogeneous linear system (2), then X' = KAe"", so the system becomes 
KAe^" = AKe". After dividing out e" and rearranging, we obtain AK = AK or 
AK — AK = 0. Since K = IK, the last equation is the same as 


(A — ADK = 0. (3) 
The matrix equation (3) is equivalent to the simultaneous algebraic equations 
(ai — A)ky + apk tcc + aink, = 0 
ankı + (an — A)y Fo + ank, = 0 
ay; k + amk ap eae (ann m A)K, = 0. 


Thus to find a nontrivial solution X of (2), we must first find a nontrivial solution 
of the foregoing system; in other words, we must find a nontrivial vector K that 
satisfies (3). But for (3) to have solutions other than the obvious solution 
ki =k, =--- =k, = 0, we must have 


det(A — AD = 0. 


This polynomial equation in A is called the characteristic equation of the matrix A; 
its solutions are the eigenvalues of A. A solution K # 0 of (3) corresponding to 
an eigenvalue A is called an eigenvector of A. A solution of the homogeneous system 
(2) is then X = Ke". 

In the discussion that follows we examine three cases: real and distinct eigen- 
values (that is, no eigenvalues are equal), repeated eigenvalues, and, finally, complex 
eigenvalues. 


8.2.1 DISTINCT REAL EIGENVALUES 


When the n X n matrix A possesses n distinct real eigenvalues Aj, À2, . . . , An, then a 
set of n linearly independent eigenvectors Kj, Ko, ... , K, can always be found, and 
X, = K,e*", X, = K,e*, essa X, = K,„e™! 


is a fundamental set of solutions of (2) on the interval (—%, oo). 


THEOREM 8.2.1 General Solution—Homogeneous Systems 


Let Aj, Az, . . . , Àn ben distinct real eigenvalues of the coefficient matrix A of the 
homogeneous system (2) and let Kj, Ko,..., K, be the corresponding eigen- 
vectors. Then the general solution of (2) on the interval (—~, %) is given by 


X = cKje"! + cK e” + -+ + + ¢,K,e™. 


— N w RUA 


Zt 
x =2 =l 1 2 3 
(a) graph of x = e™ + 3e“ 


y 


6 » 
=o ux wp 1 2 3 


(b) graph of y = ~e~ + 2e" 


E 


y 
at 


-10 N P 
2.5 5 7.5 10 12.5 15 


(c) trajectory defined by 
x = e~“ + 3e“, y e'+ 2e" 
in the phase plane 


FIGURE 8.2.1 A particular solution 
from (5) yields three different curves in 
three different planes 
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| EXAMPLE 1 Distinct Eigenvalues 


a 


Solve = 2x + 3y 


x 
dt 
P (4) 
y 

— — 2x y. 

dt uidi 

SOLUTION We first find the eigenvalues and eigenvectors of the matrix of 


coefficients. 
From the characteristic equation 


2 —4À 3 ) 
det(A — AD = ) PEE 34—4-—(Ac*1(A—-4)-^0 
we see that the eigenvalues are A; = —1 and A» = 4. 
Now for A; = — 1, (3) is equivalent to 
3k, + 3k, = 0 
2k, + 2k, = 0. 
Thus k; = —k2. When k = —1, the related eigenvector is 
«-(i 
1 E 
For \2 = 4 we have —2k, + 3k, = 0 
2k, — 3k, = 0 


sok, = 2k; therefore with k2 = 2 the corresponding eigenvector is 


Since the matrix of coefficients A is a 2 X 2 matrix and since we have found two lin- 
early independent solutions of (4), 


we conclude that the general solution of the system is 


1 3 
X = c,X,; + oX, = afie + «(je (5) m 


PHASE PORTRAIT You should keep firmly in mind that writing a solution of a 
system of linear first-order differential equations in terms of matrices is simply an 
alternative to the method that we employed in Section 4.8, that is, listing the individ- 
ual functions and the relationship between the constants. If we add the vectors on the 
right-hand side of (5) and then equate the entries with the corresponding entries in 
the vector on the left-hand side, we obtain the more familiar statement 


x= ce! + 3ce", y = —ce + 2ce“. 


As was pointed out in Section 8.1, we can interpret these equations as parametric 
equations of curves in the xy-plane or phase plane. Each curve, corresponding to 
specific choices for cı and c», is called a trajectory. For the choice of constants 
cı = c2 = 1 in the solution (5) we see in Figure 8.2.1 the graph of x(t) in the 
tx-plane, the graph of y(t) in the ty-plane, and the trajectory consisting of the points 
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y 


X, X, 


FIGURE 8.2.2 A phase portrait of 
system (4) 


(x(£), y(2)) in the phase plane. A collection of representative trajectories in the phase 
plane, as shown in Figure 8.2.2, is said to be a phase portrait of the given linear 
system. What appears to be two red lines in Figure 8.2.2 are actually four red 
half-lines defined parametrically in the first, second, third, and fourth quadrants 
by the solutions X», — Xj, —X»2, and X}, respectively. For example, the Cartesian 
equations y — Zx, x > 0, and y = —x, x > 0, of the half-lines in the first and fourth 
quadrants were obtained by eliminating the parameter f in the solutions x = 3e", 
y = 2e“, and x = e^', y = —e™', respectively. Moreover, each eigenvector can be 
visualized as a two-dimensional vector lying along one of these half-lines. The 


3 1 
eigenvector K, = G) lies along y = ix in the first quadrant, and K, — 1 lies 


along y — —x in the fourth quadrant. Each vector starts at the origin; K» terminates 
at the point (2, 3), and K, terminates at (1, — 1). 

The origin is not only a constant solution x — 0, y — 0 of every 2 X 2 homoge- 
neous linear system X' — AX, but also an important point in the qualitative study of 
such systems. If we think in physical terms, the arrowheads on each trajectory 
in Figure 8.2.2 indicate the direction that a particle with coordinates (x(t), y(t)) on 
that trajectory at time ¢ moves as time increases. Observe that the arrowheads, with 
the exception of only those on the half-lines in the second and fourth quadrants, 
indicate that a particle moves away from the origin as time t increases. If we imagine 
time ranging from —»^ to c, then inspection of the solution x = cie ' + 3ce”, 
y = —cye ^! + 2ce”, c, # 0, c5 0 shows that a trajectory, or moving particle, 
"starts" asymptotic to one of the half-lines defined by X, or —X, (since e^ is negli- 
gible for t — —) and "finishes" asymptotic to one of the half-lines defined by X; 
and —X; (since e ‘is negligible for t — c). 

We note in passing that Figure 8.2.2 represents a phase portrait that is typical of 
all 2 X 2 homogeneous linear systems X’ = AX with real eigenvalues of opposite 
signs. See Problem 17 in Exercises 8.2. Moreover, phase portraits in the two cases 
when distinct real eigenvalues have the same algebraic sign are typical of all such 
2 X 2 linear systems; the only difference is that the arrowheads indicate that a parti- 
cle moves away from the origin on any trajectory as t — © when both A, and A» are 
positive and moves toward the origin on any trajectory when both A, and A» are neg- 
ative. Consequently, we call the origin a repeller in the case A; > 0, A» > 0 and an 
attractor in the case Aj < 0, A» < 0. See Problem 18 in Exercises 8.2. The origin in 
Figure 8.2.2 is neither a repeller nor an attractor. Investigation of the remaining case 
when A = 0 is an eigenvalue of a 2 X 2 homogeneous linear system is left as an 
exercise. See Problem 49 in Exercises 8.2. 


| EXAMPLE 2 Distinct Eigenvalues 


Sol an eater 
olive — = R 
di x y g 
dy 
= + 5 6 
di x y z (6) 
dz 
—- — 3z. 
dt y É 


SOLUTION Using the cofactors of the third row, we find 


—4-ìÀ 1 1 
det(A — AI) = 1 5—4A 1 = —(A + 3)(A + 4)(A — 5) = 0, 
0 1 =3 =A 


and so the eigenvalues are A; = —3, Az = —4, and A; = 5. 
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For A; = —3 Gauss-Jordan elimination gives 


-1 1 1/0 wa 1 0 
(A +31/0)=| 1 8 -1 0| 9Perttios |g 1  0lo| 
01 olọ 00 010 


Therefore kı = k and k = 0. The choice k3 = 1 gives an eigenvector and corre- 
sponding solution vector 


1 1 
K, =| 0], X, =|0Je™ (7) 
1 1 
Similarly, for Az = —4 
(A +410) =| 1 9 —1]/0] os, |o |] 1/0 
0 1 110 0 0 010 
implies that kı = 10k3 and k2 = —k3. Choosing k3 = 1, we get a second eigenvector 
and solution vector 
10 10 
K, =| -1], X, =|-lle™*. (8) 
1 1 


Finally, when A; = 5, the augmented matrices 


(A510 =| 1 0 —1]0| 2Peratios |o 1 -8/0 
0 1 -81l0 00 olo 


1 1 
yield K, =| 8], X, =| 8 |. (9) 
1 1 


The general solution of (6) is a linear combination of the solution vectors in (7), 
(8), and (9): 


1 10 1 
X = c| 0 je% + c| -1]e* + c| 8 |e. H 
1 1 1 


USE OF COMPUTERS Software packages such as MATLAB, Mathematica, 
Maple, and DERIVE can be real time savers in finding eigenvalues and eigenvectors 
of a matrix A. 


8.2.2 REPEATED EIGENVALUES 


Of course, not all of the n eigenvalues Aj, A2,..., A, of an n X n matrix A need be 
distinct; that is, some of the eigenvalues may be repeated. For example, the charac- 
teristic equation of the coefficient matrix in the system 


, (3 -18 
X -(3 25x (10) 
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is readily shown to be (À + 3)? = 0, and therefore A; = A> = —3 is a root of multi- 
plicity two. For this value we find the single eigenvector 


K, = a so X= (es (11) 


is one solution of (10). But since we are obviously interested in forming the general 
solution of the system, we need to pursue the question of finding a second solution. 

In general, if m is a positive integer and (A — A4)" is a factor of the characteristic 
equation while (A — A1)" *! is not a factor, then A, is said to be an eigenvalue of mul- 
tiplicity m. The next three examples illustrate the following cases: 


( For somen X n matrices A it may be possible to find m linearly inde- 
pendent eigenvectors Ki, K3, . .. , Km corresponding to an eigenvalue 
^, of multiplicity m = n. In this case the general solution of the system 
contains the linear combination 


cjK,e^' + cK5e^' +--+ 4+ c, Ke. 


(ii) If there is only one eigenvector corresponding to the eigenvalue A, of 
multiplicity m, then m linearly independent solutions of the form 


X, = Kye^' 
X, = K, ,te*" + K;e^' 


" m-—i1 m—2 
=K jen +K 


X "lm — DI 


et 4 - run +K e^t, 


m ‘m2 (m — 2)! mm 


where K;; are column vectors, can always be found. 


EIGENVALUE OF MULTIPLICITY TWO We begin by considering eigenvalues 
of multiplicity two. In the first example we illustrate a matrix for which we can find 
two distinct eigenvectors corresponding to a double eigenvalue. 


l EXAMPLE 3 Repeated Eigenvalues 


1 -2 2 
Solve X’ = | —2 1 -2|X. 
2 -2 1 


SOLUTION Expanding the determinant in the characteristic equation 


I= =2 2 
det(A — AD) = 2 L=aA 2|=0 
2 =2. Lea 


yields — (À + I)*(A — 5) = 0. We see that A; = A? = —1 and à; = 5. 
For A; = —1 Gauss-Jordan elimination immediately gives 


Boca OU aus 1 -1 00 
(A-1|0 =|-2 2 —2/0| oPemtoms |o 1 1/0], 
2-2 210 0 0 olo 
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The first row of the last matrix means kı — k2 + k3 = Oor kı = Kk» — ks. The choices 
ky = 1, k3 = 0 and kp = 1, k3 = 1 yield, in turn, kı = 1 and kı = 0. Thus two 


eigenvectors corresponding to A; = —1 are 
1 0 
K =| 1 and K, =| 1 
0 1 


Since neither eigenvector is a constant multiple of the other, we have found two 
linearly independent solutions, 


1 0 
X, —|1 e! and X, —|1 eE 
0 1 


corresponding to the same eigenvalue. Last, for A3 = 5 the reduction 


-4 -2 2|0| row 1 0 -1[0 
(A + SI|0)=|—2 -4 -2|0| operations, |g 1 1/0 
2 -2 —4|0 0 0 


implies that kı = k3 and ky = —k3. Picking k3 = 1 gives kı = 1, k2 = —1; thus a 
third eigenvector is 


We conclude that the general solution of the system is 


1 0 1 
X = c| lle’ +c] lle? +c} -1 |e. [| 
0 1 1 


The matrix of coefficients A in Example 3 is a special kind of matrix known 
as a symmetric matrix. Ann X n matrix A is said to be symmetric if its transpose 
A’ (where the rows and columns are interchanged) is the same as A—that is, if 
AT = A. It can be proved that if the matrix A in the system X’ = AX is symmetric 
and has real entries, then we can always find n linearly independent eigen- 
vectors K;, Ko,..., K,, and the general solution of such a system is as given in 
Theorem 8.2.1. As illustrated in Example 3, this result holds even when some of the 
eigenvalues are repeated. 


SECOND SOLUTION Now suppose that A, is an eigenvalue of multiplicity two 
and that there is only one eigenvector associated with this value. A second solution 
can be found of the form 


X, = Kte*’ + Pe", (12) 
kı Pi 
ky P2 
K^|- and P-2|- 
where 
k, Pn 
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X, 


FIGURE 8.2.3 A phase portrait of 
system (10) 


To see this, we substitute (12) into the system X' — AX and simplify: 


(AK — A,K)te^! + (AP — A,P — K)e™ = 0. 


Since this last equation is to hold for all values of t, we must have 

(A - ADK = 0 (13) 
and (A — ADP =K. (14) 
Equation (13) simply states that K must be an eigenvector of A associated with A. 


By solving (13), we find one solution X, — Ke". To find the second solution X5, we 
need only solve the additional system (14) for the vector P. 


[ EXAMPLE 4 Repeated Eigenvalues 


Find the general solution of the system given in (10). 


SOLUTION From (11) we know that A; = —3 and that one solution is 


3 3 
X = (Jes Identifying K = G) and P = (^), we find from (14) that we must 
P2 
now solve 
6p, — 18p. = 3 
(A+3DP=K or ^ ^P 
2p, — 6p, = 1. 


Since this system is obviously equivalent to one equation, we have an infinite num- 
ber of choices for pı and p2. For example, by choosing p; = 1, we find p; = H 
l 
However, for simplicity we shall choose p, — A so that p2 = 0. Hence P = (3) 
3 3 
Thus from (12) we find X, — (e + (es The general solution of (10) is 


then X = c41X, + c2X> or 


1 
X= alije + «Je + (Je*| E 


By assigning various values to cı and cz in the solution in Example 4, we 
can plot trajectories of the system in (10). A phase portrait of (10) is given in 
Figure 8.2.3. The solutions X, and —X; determine two half-lines y = ix, x >0 
and y = ixx « 0, respectively, shown in red in the figure. Because the single 
eigenvalue is negative and e ? — 0 as t — o» on every trajectory, we have 
(x(t), y(t)) — (0, 0) as t — œ. This is why the arrowheads in Figure 8.2.3 indicate 
that a particle on any trajectory moves toward the origin as time increases and why 
the origin is an attractor in this case. Moreover, a moving particle or trajectory 
x = 3c,€ * + cte ? + 1e, y = ce? + cote, c, # 0, approaches (0, 0) 
tangentially to one of the half-lines as t — ^c. In contrast, when the repeated eigen- 
value is positive, the situation is reversed and the origin is a repeller. See Problem 21 
in Exercises 8.2. Analogous to Figure 8.2.2, Figure 8.2.3 is typical of all 2 X 2 
homogeneous linear systems X' — AX that have two repeated negative eigenvalues. 
See Problem 32 in Exercises 8.2. 


EIGENVALUE OF MULTIPLICITY THREE When the coefficient matrix A has 
only one eigenvector associated with an eigenvalue A, of multiplicity three, we can 
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find a second solution of the form (12) and a third solution of the form 


g 
X. - Ke" + Pte!’ + Qe, (15) 
kı Pı qı 
ky P2 q2 
where K=| - |, P=]. |, and Q= 
k, Pn An 


By substituting (15) into the system X' = AX, we find that the column vectors K, P, 
and Q must satisfy 


(A — A,DK = 0 (16) 
(A— ADP =K (17) 
and (A — à DQ = P. (18) 


Of course, the solutions of (16) and (17) can be used in forming the solutions X, 
and X». 


| EXAMPLE 5 Repeated Eigenvalues 


Solve X' — 


oO o N 


1 6 
2 SX. 
0 2 


SOLUTION The characteristic equation (A — 2) = 0 shows that A; = 2 is an 
eigenvalue of multiplicity three. By solving (A — 2DK = 0, we find the single 
eigenvector 
1 
K =| 0}. 
0 


We next solve the systems (A — 21)P = K and (A — 21)Q = P in succession and 
find that 


0 0 
P-|I ad | Q-[|-$| 
0 i 


Using (12) and (15), we see that the general solution of the system is 


1 1 0 1 2 0 0 
X = c| 0 Je + c| | 0 }te -|[1]e? | + c| | O |= e +] 1 te + -$ &e.m 
0 0 0 0 0 i 
REMARKS 


When an eigenvalue A; has multiplicity m, either we can find m linearly 
independent eigenvectors or the number of corresponding eigenvectors is less 
than m. Hence the two cases listed on page 316 are not all the possibilities under 
which a repeated eigenvalue can occur. It can happen, say, that a 5 X 5 matrix 
has an eigenvalue of multiplicity five and there exist three corresponding lin- 
early independent eigenvectors. See Problems 31 and 50 in Exercises 8.2. 
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8.2.3 COMPLEX EIGENVALUES 


If A; = a + Bi and à2 = a — Bi, B > 0, i? = —1 are complex eigenvalues of the 
coefficient matrix A, we can then certainly expect their corresponding eigenvectors 
to also have complex entries.” 

For example, the characteristic equation of the system 


ax oe 
d s 9 " 
B omi 
dt T y 
Bc. =i 
i det(A — AD = = A2? — 10A + 29 = 0. 
E ian ) | 5 24d 


From the quadratic formula we find A; = 5 + 2i, A = 5 — 2i. 
Now for A; = 5 + 2i we must solve 


(225 = k, =0 
5k, — (1 + 2i)k, = 0. 


Since k; = (1 — 2i)ki,! the choice kı = 1 gives the following eigenvector and 
corresponding solution vector: 


pt) act oe 
1 —2i ] — 2i 


In like manner, for A» = 5 — 2i we find 


1 1 
K, = X, = G-20t 
2 (, e 2 [: Lu) 


We can verify by means of the Wronskian that these solution vectors are linearly 
independent, and so the general solution of (19) is 


1 . 1 ; 
X= 2 ) eo*20t 4 al Jew (20) 
I= 2i 1+ 2i 


Note that the entries in Ky corresponding to A» are the conjugates of the 
entries in K; corresponding to Àı. The conjugate of A, is, of course, A». We 
write this as A, = A, and K, = K,. We have illustrated the following general 
result. 


THEOREM 8.2.2 Solutions Corresponding to a Complex Eigenvalue 


Let A be the coefficient matrix having real entries of the homogeneous sys- 
tem (2), and let K; be an eigenvector corresponding to the complex eigenvalue 
A, =a + if, o and £ real. Then 


Ke and K;e^' 


are solutions of (2). 


^When the characteristic equation has real coefficients, complex eigenvalues always appear in conjugate 
pairs. 
‘Note that the second equation is simply (1 + 2i) times the first. 


FIGURE 8.2.4 A phase portrait of 
system (19) 


8.2 HOMOGENEOUS LINEAR SYSTEMS ° 321 


It is desirable and relatively easy to rewrite a solution such as (20) in terms of 
real functions. To this end we first use Euler’s formula to write 


eO *?20t = ere = e”(cos 2t + isin 2f) 
eo 20! = ere — e(cos 2t — i sin 2f). 


Then, after we multiply complex numbers, collect terms, and replace c; + c? by Ci 
and (c, — c5)i by Co, (20) becomes 


X = CX; 0X, (21) 


1 0). š 

where X = 1 cos 2t — = sin 2t | e” 
0 ll. 

and X, = _} 008 2t + NES 2t | e*. 


It is now important to realize that the vectors X, and X» in (21) constitute a linearly 
independent set of real solutions of the original system. Consequently, we are justi- 
fied in ignoring the relationship between C1, C2 and cj, c», and we can regard C, and 
C» as completely arbitrary and real. In other words, the linear combination (21) is 
an alternative general solution of (19). Moreover, with the real form given in (21) we 
are able to obtain a phase portrait of the system in (19). From (21) we find x(f) and 
y(t) to be 


x = Cie” cos 2t + Ce” sin 2t 


y = (C, — 2C,)e* cos 2t + (2C, + Cj)e?'sin 2t. 


By plotting the trajectories (x(t), y(t)) for various values of C; and C5, we obtain the 
phase portrait of (19) shown in Figure 8.2.4. Because the real part of A, is 5 > 0, 
e?! — œ as f — ©. This is why the arrowheads in Figure 8.2.4 point away from the 
origin; a particle on any trajectory spirals away from the origin as t — ^». The origin 
is a repeller. 

The process by which we obtained the real solutions in (21) can be generalized. 
Let K, be an eigenvector of the coefficient matrix A (with real entries) 
corresponding to the complex eigenvalue A; = a + iP. Then the solution vectors in 
Theorem 8.2.2 can be written as 

K;e^' = K;e"e/? = K,e“(cos Bt + i sin Bf) 


Kye" = Kee! = K,e“(cos Bt — i sin Bp). 


By the superposition principle, Theorem 8.1.2, the following vectors are also 
solutions: 


1 C - j = 

X, = 5(Kye™! + Ke’) = 5(K, + Kye" cos Br — ;CK + K,)e* sin Bt 
NN E : 7 

X, = C Ke" + Kiev) = ;CK + Ke“ cos Br + 5(K, + K)e“ sin fr. 


Both iz + Z) =a and si(—z + z)- b are real numbers for any complex 
number z = a + ib. Therefore, the entries in the column vectors XK, + Kj) and 
i(-K, + K,) are real numbers. By defining 


1 = j = 
B,-;(K *K) and B, = gs + K,), (22) 


we are led to the following theorem. 
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CHAPTER 8 


SYSTEMS OF LINEAR FIRST-ORDER DIFFERENTIAL EQUATIONS 


THEOREM 8.2.3 Real Solutions Corresponding to a Complex 
Eigenvalue 


Let A; = a + iB be a complex eigenvalue of the coefficient matrix A in the 
homogeneous system (2) and let B; and B5 denote the column vectors defined 


in (22). Then 
X, = [B, cos Bt — B, sin ft]e^ (23) 
X, = [B,cos Bt + B; sin Brle* 
are linearly independent solutions of (2) on (—~, co). 
The matrices B; and B» in (22) are often denoted by 
B, = Re(Kj) and B, = Im(Kj) (24) 


since these vectors are, respectively, the real and imaginary parts of the eigenvector 
K;. For example, (21) follows from (23) with 


«-(, 5) 0) (2) 


B, PR Re(K,) = (C) and B, = Im(K,) = (9) 


| EXAMPLE 6 Complex Eigenvalues 


Solve the initial-value problem 


ve(? Sx xm =(2) 5 
Sf a x@=( 3}. (25) 


SOLUTION First we obtain the eigenvalues from 


2= AÀ 8 
det(A — AI) = ='+4=0. 
=[ 2A 
The eigenvalues are Ay = 2i and A, = à = —2i. For A, the system 
(2 — 2i)k, + 8k, = 0 


k, + (-2 - 20k, = 0 


gives kı = —(2 + 2i)k». By choosing ky = —1, we get 


w= (77) =(j) +0) 


2) d B, = Im(K - (2) 
jmd B= Im(K,) = (o); 


Now from (24) we form 
B, = Re(K,) = (_ 
Since a = 0, it follows from (23) that the general solution of the system is 


eee Qs] i C 


(? cos 2t — 2 sin ii " cos 2t + 2 sin " 
C ; 
: —cos 2t ? 


26 
—sin 2t (26) 


(2, 1) 
XN 2 


FIGURE 8.2.5 A phase portrait of 
system (25) 
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Some graphs of the curves or trajectories defined by solution (26) of the system 

are illustrated in the phase portrait in Figure 8.2.5. Now the initial condition 
2 

X(0) = (_ z) or, equivalently, x(0) = 2 and y(0) = —1 yields the algebraic system 

2c, + 202 = 2, —c; = —1, whose solution is c; = 1, c; = 0. Thus the solution 


2 cos 2t — 2 sin 2t 


to the problem is X -( ) The specific trajectory defined 


—cos 2t 
parametrically by the particular solution x = 2 cos 2t — 2 sin 2f, y = —cos 2t is the 
red curve in Figure 8.2.5. Note that this curve passes through (2, — 1). a 


REMARKS 


In this section we have examined exclusively homogeneous first-order systems 
of linear equations in normal form X' = AX. But often the mathematical 
model of a dynamical physical system is a homogeneous second-order system 
whose normal form is X” = AX. For example, the model for the coupled 
springs in (1) of Section 7.6, 


mix, — ka + kx, — x) 
y (27) 
myx5-— —k( — xj) 
can be written as MX" = KX, 


where 


0 =i = Is k t 
M- (n i K = ( ew 3! and = X= n ) 
0 nt, ky =k, x(t) 
Since M is nonsingular, we can solve for X” as X” = AX, where A = M'!K. 
Thus (27) is equivalent to 


EOR 

Kal A Ux (28) 
f D 
m m 


The methods of this section can be used to solve such a system in two ways: 


e First, the original system (27) can be transformed into a first-order system 
by means of substitutions. If we let x = x4 and x; = x4, then x; = x1 and 
x4 = x5 and so (27) is equivalent to a system of four linear first-order DEs: 


Xp = X3 
0 Q i @ 
pa 0 EO! 1 
k k k 
y= (he AE 2x, or X= ENS ^ 0 0|X. Q9) 
m, m, LAT m m, "n 
je k ky ky 
x, =x, - x m A. g” 
m» m» 2 2 


By finding the eigenvalues and eigenvectors of the coefficient matrix A in 
(29), we see that the solution of this first-order system gives the complete 
state of the physical system— the positions of the masses relative to the 
equilibrium positions (xı and x2) as well as the velocities of the masses 
(x3 and x4) at time t. See Problem 48(a) in Exercises 8.2. 
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* Second, because (27) describes free undamped motion, it can be argued 
that real-valued solutions of the second-order system (28) will have 
the form 


X = Vcos wt and X = V sin ot, (30) 


where V is a column matrix of constants. Substituting either of the 
functions in (30) into X" — AX yields (A + «?DV = 0. (Verify.) 
By identification with (3) of this section we conclude that A = —«? 
represents an eigenvalue and V a corresponding eigenvector of A. It can 
be shown that the eigenvalues A; = —w?, i = 1, 2 of A are negative, and 
SO € = V —A, is a real number and represents a (circular) frequency 
of vibration (see (4) of Section 7.6). By superposition of solutions the 
general solution of (28) is then 

X = c, Vicos «jt + CoV, sin wt + c4V5cos wt + c4V5sin Wot @1) 


= (c,cos wt + c5 sin wV; + (CzCOS wt + casin wt)V3, 


where V, and V3 are, in turn, real eigenvectors of A corresponding to A, 


and A5. 
The result given in (31) generalizes. If —w7, —w3,..., —w? are 
distinct negative eigenvalues and Vi, Vo,..., V, are corresponding real 


eigenvectors of the n X n coefficient matrix A, then the homogeneous 
second-order system X" — AX has the general solution 


X = Y (a;cos w;t + b; sin w;t)V;, (32) 
i=l 


where a; and b; represent arbitrary constants. See Problem 48(b) in 
Exercises 8.2. 


EX E RCI S E S 8 . 2 Answers to selected odd-numbered problems begin on page ANS-13. 
8.2.1 DISTINCT REAL EIGENVALUES =1 1 0 
9, X' = 2 1)X 
In Problems 1-12 find the general solution of the given ó 3 -1 
system. 
1 0 1 
d "EN 
1, — x2y T UM 10. XX -|0 1 0X 
dt dt 
a 1 O 1 
y dy 
— = 4x +3 == =} = 
m wt ut t=) 0 
11. X'=| i -3 3|X 
X dx 5 l 1 1 
3. — = —4x + 2 4.—=--x+2 5 4 75 
gp. g 3 e E VE. 
dy 5 dy 3 -1 4 2 
ur Cem EN g a a? 12.X'2| 4 -1 -2]x 
0 0 6 
; 10 =5 =6 2 
5. X' = X 6. X' = X 
s —12 “3 1 In Problems 13 and 14 solve the given initial-value problem. 
dx dx 
7T. —-xty- 8. — =2x-7 ; 0 3 
d o 4 * gc uc 13. X’ = (: Ej X(0) = £) 
a. 2 a 5x + 10y + 4 ; 
ae 2? a dido 1 14 1 
dz dz 14. X'=|0 2 O]X, XO) =]3 
——y— ——5y t2 
g € rS d 111 0 


Computer Lab Assignments 


In Problems 15 and 16 use a CAS or linear algebra software 
as an aid in finding the general solution of the given system. 


0.9- 2.1 3.2 
15. X' 210.7 65 42|X 
11 17 34 
1 0 2 —-1.8 0 
0 5.1 0 =] 3 
16. X' = 1 2 =3 0 0X 
0 1 =3.1 4 0 
—2.8 0 0 1.5 1 


17. (a) Use computer software to obtain the phase portrait 
of the system in Problem 5. If possible, include 
arrowheads as in Figure 8.2.2. Also include four 
half-lines in your phase portrait. 

(b) Obtain the Cartesian equations of each of the four 
half-lines in part (a). 

(c) Draw the eigenvectors on your phase portrait of the 
system. 


18. Find phase portraits for the systems in Problems 2 and 4. 
For each system find any half-line trajectories and 
include these lines in your phase portrait. 


8.2.2 REPEATED EIGENVALUES 


In Problems 19—28 find the general solution of the given 
system. 


dx dx 
19. — = 3x — 20. — = -6x + 
2 3x — y 0 i 6x + 5y 
dy dy 
= = 9x — 3 == -5r+4 
dt E ? dt . J 
21. Bs jx 22. Er E 
-—3 5 4 0 
dx dx 
23, — = 3k = Y= 24. — = 3x+ 2y+4 
3 E; 3x =y 2 3x y Z 
dy dy 
——x-y- — = 2x + 2 
d rr d x Z 
— SE ET, 
dt ee dt T » S 
5 —4 0 1 0 0 
25. X' =] 1 0 2|X 26. X' «10 3 I|X 
0 2» 5 0 —1 1 
1 0 0 4 1 0 
27. X'=|2 2 -I|X 28. X'=|0 4 I|X 
0 1 0 0 0 4 
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In Problems 29 and 30 solve the given initial-value problem. 


29 x= (2 jx xo - (1) 
Sm mE REN 


0 0 I 1 
30. X’=|0 1 O|X, X(O) =]2 
1 0 0 2 


31. Show that the 5 X 5 matrix 


21000 
02.000 
A=|0 0200 
0 0 0 2 1 
00002 


has an eigenvalue A, of multiplicity 5. Show that three 
linearly independent eigenvectors corresponding to A, 
can be found. 


Computer Lab Assignments 


32. Find phase portraits for the systems in Problems 20 
and 21. For each system find any half-line trajectories 
and include these lines in your phase portrait. 


8.2.3 COMPLEX EIGENVALUES 


In Problems 33-44 find the general solution of the given 
system. 


dx dx 
.— = 6x - 4. ——x- 
33 di x= y 3 4a €t 
dy dy 
dt 2d * dt uii: 
dx dx 
5. — = 5x + .—=4x+ 
3 di 5x + y 36 ai x + 5y 
dy dy 
SS oss — = —2x + 
dt e dt ET 
4 — ] = 
37. X' = ( a 38. X' = ( Sx 
5 =4 1 -3 
dx dx 
mo 40. — =2x+y+2 
3 3i z 0 ii x+y Z 
dy dy 
—-- = = 3x + 
dt Zz di 3x + 6z 
dz dz 
— = == —4 = 
dé dt AS oe 
L| =] 2 40 1 
41. X' =| -1 1 0IX 42.X'- 0 6 O|X 
-1 0 1 —4 0 4 
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= ad 2 4 4 X — V cos ot. Find the eigenvalues and eigenvec- 
43. X'—-|-5 -6 4IX 44. X'-|-1 -2 0IX tors of a 2 X 2 matrix. As in part (a), obtain (4) of 
0 02 eb 0° —2 Section 7.6. 


In Problems 45 and 46 solve the given initial-value problem. 


Discussion Problems 


49. Solve each of the following linear systems. 
] —12 -14 4 
45. X'=|1 2 -3X X0-| 6 (a) X' = ( jx (b) X' = ( : jx 
Find a phase portrait of each system. What is the geo- 
46. X' — 6 1) X, X(0) = fe metric significance of the line y = —x in each portrait? 
50. Consider the 5 X 5 matrix given in Problem 31. Solve 


Computer Lab Assignments 


47. Find phase portraits for the systems in Problems 36, 37, 
and 38. 


the system X' — AX without the aid of matrix methods, 
but write the general solution using matrix notation. Use 
the general solution as a basis for a discussion of how the 
system can be solved using the matrix methods of this 


. . section. Carry out your ideas. 
48. (a) Solve (2) of Section 7.6 using the first method 


outlined in the Remarks (page 323)—that is, express 51. 
(2) of Section 7.6 as a first-order system of four lin- 
ear equations. Use a CAS or linear algebra software 
as an aid in finding eigenvalues and eigenvectors of 
a 4 X 4 matrix. Then apply the initial conditions to 52 
your general solution to obtain (4) of Section 7.6. 


(b) Solve (2) of Section 7.6 using the second method out- 
lined in the Remarks—that is, express (2) of Section 
7.6 as a second-order system of two linear equations. 
Assume solutions of the form X — V sin «t and 


Obtain a Cartesian equation of the curve defined 
parametrically by the solution of the linear system in 
Example 6. Identify the curve passing through (2, —1) 
in Figure 8.2.5 [Hint: Compute x”, y?, and xy.] 


. Examine your phase portraits in Problem 47. Under 
what conditions will the phase portrait of a 2 X 2 
homogeneous linear system with complex eigenvalues 
consist of a family of closed curves? consist of a family 
of spirals? Under what conditions is the origin (0, 0) a 
repeller? An attractor? 


8.3 NONHOMOGENEOUS LINEAR SYSTEMS 


REVIEW MATERIAL 


e Section 4.4 (Undetermined Coefficients) 
e Section 4.6 (Variation of Parameters) 


INTRODUCTION 
system X’ = AX + F(r on an interval Jis X = X, + X,, 
is the complementary function or general solution of the associated homogeneous linear system 
X' = AX and X, is any particular solution of the nonhomogeneous system. In Section 8.2 we saw 
how to obtain X, when the coefficient matrix A was an n X n matrix of constants. In the present 
section we consider two methods for obtaining X,. 

The methods of undetermined coefficients and variation of parameters used in Chapter 4 to 
find particular solutions of nonhomogeneous linear ODEs can both be adapted to the solution of 
nonhomogeneous linear systems X’ = AX + F(t). Of the two methods, variation of parameters 
is the more powerful technique. However, there are instances when the method of undetermined 
coefficients provides a quick means of finding a particular solution. 


In Section 8.1 we saw that the general solution of a nonhomogeneous linear 
where X, = cX; + coX, +--+ t eX 


n n 


8.3.1 UNDETERMINED COEFFICIENTS 


THE ASSUMPTIONS As in Section 4.4, the method of undetermined coefficients 
consists of making an educated guess about the form of a particular solution vector 
X,; the guess is motivated by the types of functions that make up the entries of the 
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column matrix F(t). Not surprisingly, the matrix version of undetermined coefficients 
is applicable to X’ = AX + F(z) only when the entries of A are constants and the 
entries of F(r) are constants, polynomials, exponential functions, sines and cosines, 
or finite sums and products of these functions. 


l EXAMPLE 1 Undetermined Coefficients 


-1 2 =§ 
Solve the system X' = e x + ( l on (~=, 05). 


SOLUTION We first solve the associated homogeneous system 


XxX’ = X. 
=] d 


The characteristic equation of the coefficient matrix A, 


—-1-—4A 2 


dea = at) = | os 


[metin 


yields the complex eigenvalues A, =i and A, = à — —i. By the procedures of 
Section 8.2 we find 


COS f + sinf COS f — sin f 
X. =c + Cy . : 
cos t —sin f 


Now since F(/) is a constant vector, we assume a constant particular solution vector 
a, —-— ; ; : - 
X, = b ) Substituting this latter assumption into the original system and equat- 


1 
ing entries leads to 


0 = —4| t 2b, = 8 
(0) = =d + b, + 3. 
Solving this algebraic system gives a, = 14 and b; = 11, and so a particular solution 


14 
is X, = (5) The general solution of the original system of DEs on the interval 


(—%, o?) is then X = X, + X, or 


cost + sinf cost — sint 14 
X=c + 6; ; + . E 
cos t —sin f 11 


[ EXAMPLE 2 Undetermined Coefficients 


6 l 6t 
Solve the system X' = ( )x +F ( ) on (~%, oo). 
4 3 —]10r + 4 


SOLUTION The eigenvalues and corresponding eigenvectors of the associated 


6 1 1 
homogeneous system X' — 6 jx are found to be A; = 2, A2 = 7, K; E 


1 
and K, = () Hence the complementary function is 


1 1 
X. = ZU + ca( er 


328 ° CHAPTER 8 SYSTEMS OF LINEAR FIRST-ORDER DIFFERENTIAL EQUATIONS 


6 0 
Now because F(f) can be written F(t) = (_ NI + (2) we shall try to find a 


particular solution of the system that possesses the same form: 


x = (2) (2) 
b, b, 


Substituting this last assumption into the given system yields 


C=C e) C+ Cao) * 

= t+ + t+ 

by 4 3 by b, —10 4 
ME (6a, + b, + 6)t + 6a, + b, — a; ) 
0 (4a, + 3b, — 10)t + 4a, + 3b, — b + AJ 


From the last identity we obtain four algebraic equations in four unknowns 


6a, + b+ 6-20 6a, + b-a =0 
an 
4a; + 3b, — 10 = 0 4a, + 3b —b, + 4=0. 


Solving the first two equations simultaneously yields a? = —2 and bz = 6. We then 
substitute these values into the last two equations and solve for a; and bı. The results 
area, = -5 b, = D It follows, therefore, that a particular solution vector is 


| EXAMPLE 3 Form of X, 


Determine the form of a particular solution vector X, for the system 


Oa + 3y —2e7%7+ 1 

ai X y e 

d 

4 ceu eee, 


SOLUTION Because F(f) can be written in matrix terms as 


(e Cot 


a natural assumption for a particular solution would be 


a3\ _ a» a 
x, = i LE : © 
p (i) (e) 6) 
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REMARKS 


The method of undetermined coefficients for linear systems is not as straightfor- 
ward as the last three examples would seem to indicate. In Section 4.4 the form 
of a particular solution y, was predicated on prior knowledge of the comple- 
mentary function ye. The same is true for the formation of X,. But there are fur- 
ther difficulties: The special rules governing the form of y, in Section 4.4 do not 
quite carry to the formation of X,. For example, if F(r) is a constant vector, as 
in Example 1, and A = 0 is an eigenvalue of multiplicity one, then X, contains 
a constant vector. Under the Multiplication Rule on page 146 we would 


aj 


ordinarily try a particular solution of the form X, — ( ) This is not the 


1 


proper assumption for linear systems; it should be X, = NI s a 
2 1 


Similarly, in Example 3, if we replace e ' in F(t) by e” (A = 2 is an eigenvalue), 
then the correct form of the particular solution vector is 


NS (sje + (5e E (2) ES i) 


Rather than delving into these difficulties, we turn instead to the method of 
variation of parameters. 


8.3.2 VARIATION OF PARAMETERS 


A FUNDAMENTAL MATRIX If Xi, X», ..., X, is a fundamental set of solutions 
of the homogeneous system X’ = AX on an interval /, then its general solution on the 


interval is the linear combination X = cX; + cX, +--+ + c,X,or 
X1 X12 Xin CX t CX t ccc + OX, 
X» X22 Xon CX F C3X») E ^ 0 c T €aXo, 
X = Cy + C5 t. T Ca = (1) 
Xn Xn2 Xnn CiXn1 T CXn2 E CnXnn 


The last matrix in (1) is recognized as the product of an n X n matrix with an 
n X ] matrix. In other words, the general solution (1) can be written as the product 


X = AC, (2) 


where C is an n X 1 column vector of arbitrary constants cj, c2, ..., c; and then X n 
matrix, whose columns consist of the entries of the solution vectors of the system 
X' — AX, 


Sp Ap 777 Nip 

X2 X22 Xn 
M(t) = 1 

Xni Xn °°? Xm 


is called a fundamental matrix of the system on the interval. 
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In the discussion that follows we need to use two properties of a fundamental 
matrix: 


* A fundamental matrix (f) is nonsingular. 
* If (f) is a fundamental matrix of the system X’ = AX, then 


®'(t) = Ad). (3) 


A reexamination of (9) of Theorem 8.1.3 shows that det @(r) is the same as the 
Wronskian W(X), X5,..., X,). Hence the linear independence of the columns 
of ®(f) on the interval / guarantees that det P(A) # 0 for every t in the interval. Since 
(A) is nonsingular, the multiplicative inverse P (f) exists for every fin the interval. 
The result given in (3) follows immediately from the fact that every column of ®(f) 
is a solution vector of X' — AX. 


VARIATION OF PARAMETERS Analogous to the procedure in Section 4.6 we 
ask whether it is possible to replace the matrix of constants C in (2) by a column ma- 
trix of functions 


uy (t) 


u(t) 
U(r) = : SO xX, = PHU) (4) 


ut) 
is a particular solution of the nonhomogeneous system 
X’ = AX + FÐ. (5) 
By the Product Rule the derivative of the last expression in (4) is 
X, = POUA + P' OUO. (6) 


Note that the order of the products in (6) is very important. Since U(t) is a column 
matrix, the products U’(t)®(f) and U(t)®'(f) are not defined. Substituting (4) and (6) 
into (5) gives 


OAHU (AD) + $'(DU(r = ABMU( + FO. (7) 
Now if we use (3) to replace ®'(t), (7) becomes 

PAUA + AS(DnU(r) = ABU) + FO 
or PAU’) = FO. (8) 


Multiplying both sides of equation (8) by P^ !(r) gives 
U'A = POFA and so U) = fooro dt. 
Since X, = @(t)U(t), we conclude that a particular solution of (5) is 
xX, = o [| ero dt. (9) 


To calculate the indefinite integral of the column matrix P^ (7)F(r) in (9), we inte- 
grate each entry. Thus the general solution of the system (5) is X = X, + X, or 


X = O/C + xo [| ero dt. (10) 
Note that it is not necessary to use a constant of integration in the evaluation of 


SO- (r)F(f) dt for the same reasons stated in the discussion of variation of parame- 
ters in Section 4.6. 
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l EXAMPLE 4 Variation of Parameters 


Solve the system 


X' -G ‘x + (2) (11) 
2 —4 e 
on (—%, cc). 


SOLUTION We first solve the associated homogeneous system 


x'- (3 jx (12) 
2 -4) ` 
The characteristic equation of the coefficient matrix is 
—3 =A 1 
det(A — AD) = = (A + 2)(A + 5) = 0, 
et «rS 4-3)" YA + 5) 
so the eigenvalues are Ay = —2 and A» = —5. By the usual method we find that the 


1 
eigenvectors corresponding to A, and A» are, respectively, K, = (i) and 


1 
K, = (3) The solution vectors of the system (11) are then 


1 =2t 1 =St 
1 en —2 —2e 7" 


The entries in X, form the first column of ®(f), and the entries in X» form the second 
column of ®(f). Hence 


=2t =St 


SA = (: 


e? —2e-^*t 


From (9) we obtain 


e? et 
X, = ^(n f $- (nF() dt = ( t ) 
e 
e? et 2te + ie 
e? —2g^5 te — d dt 
(= 
e? 


t n te! — 1e" 4 le 
- 1 1 1 
t —2e 5t zte” = ze = ge” 


Hence from (10) the general solution of (11) on the interval is 


= = 6 27 | 1,-t 

X d gp €i 5f — 3 * 4e 
-2t -5t 3 21 1,- 
e —-2e 7 ^6, ates ne 


5 


i i 6 21 1 
= «(1e + of jes + i) — be + (es B 


50 
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INITIAL-VALUE PROBLEM The general solution of (5) on an interval can be 
written in the alternative manner 


X = PAC + PA [ore ds, (13) 


where f and fo are points in the interval. This last form is useful in solving (5) subject 
to an initial condition X(to) = Xo, because the limits of integration are chosen so that 
the particular solution vanishes at f — tọ. Substituting f= tọ into (13) yields 
X, = $(1)C from which we get C = $ !(t)X,. Substituting this last result into 
(13) gives the following solution of the initial-value problem: 


X = $(n6-(4)X, + BM) i 7 ()FG) ds. (14) 


| | EXERCISES 8.3 


Answers to selected odd-numbered problems begin on page ANS-14. 


8.3.1 UNDETERMINED COEFFICIENTS 


In Problems 1-8 use the method of undetermined coeffi- 
cients to solve the given system. 


dx 


Ln wt» 
D Hx dy +5 
2. S Sr + Oy +2 
Sart iy +6 


1 j b 
X+ 
3 1 t+5 


6. X = =] jx n ( sin r) 
=I) d —2 cost 
] 1 1 1 
7. X'=|0 2 3]X+{-1]e* 
0 0 5 2 
0 0 5 5 
8. X' -|0 5 0|[X t| —10 
5.00 40 
=9 . 
9. Solve X' = ( 2 + G) subject to 


10. (a) The system of differential equations for the currents 


i2(t) and i3(t) in the electrical network shown in 
Figure 8.3.1 is 


d F e -Ri/L, IH " Ga 
dt Ni —R,/Ly —(R, + R)/L;/ Nis E/L,/]° 
Use the method of undetermined coefficients to 


solve the system if Ry = 20, R2 =3 0, Lı = 1h, 
L = 1h, E = 60 V, i2(0) = 0, and i3(0) = 0. 


(b) Determine the current i,(7). 


FIGURE 8.3.1 Network in Problem 10 


8.3.2 VARIATION OF PARAMETERS 


In 


Problems 11—30 use variation of parameters to solve the 


given system. 


dx 


11. — = 3x — 3y + 4 
dt y y 
dy 
— = 2x — 2y — 1 
dt ý y 
dx 

12; == 2x = 
| ~? 

d 


y 
— = 3x — 2y + 4t 
dt E y 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


In Problems 31 and 32 use (14) to solve the given initial- 


X' 


X' 


Xx’ 


X' 


XxX’ 


b di 


Xx’ 


X! 


X 


X' 


1 
1 
0 
3 
1 
1 


value problem. 


1 
1 


=] 


dx 2 (e 
3 4e“ 


1 
1 


2 cos 2t 


0 


sec t tan f. 


) so-() 


)x s (7. X(1) — E 


) e 


| 
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33. 


d 
dt 


The system of differential equations for the currents i,(f) 
and i(t) in the electrical network shown in Figure 8.3.2 is 


@) _ ~ + R/L, 205] 2» Ws 
i R/L, —R,/Ly b 0 
Use variation of parameters to solve the system 


if R;,—-80, R,-30, L=1h, L;-1h, 
E(t) = 100 sin t V, i(0) = 0, and ix(0) = 0. 


FIGURE 8.3.2 Network in Problem 33 


Discussion Problems 


34. 


If y, and y» are linearly independent solutions of the 
associated homogeneous DE for y"- P(x)y' + 
Q(x)y = f(x), show in the case of a nonhomogeneous 
linear second-order DE that (9) reduces to the form of 
variation of parameters discussed in Section 4.6 


Computer Lab Assignments 


35. 


Solving a  nonhomogeneous linear system 
X' = AX + F(t) by variation of parameters when A is a 
3 X 3 (or larger) matrix is almost an impossible task to 
do by hand. Consider the system 


2 =2 9 te 
-1 30 3 gt 
x= X+ 
0 04 -2 " 
D 02 =i 1 


(a) Use a CAS or linear algebra software to find the 
eigenvalues and eigenvectors of the coefficient 
matrix. 

(b) Form a fundamental matrix ®(f) and use the com- 
puter to find b^ (v). 

(c) Use the computer to carry out the computations of: 
POFA, [OOF dt, PASP (HF dt, 
(AC, and PAC + [d '(H F(A dt, where C is a 
column matrix of constants c1, C2, c3, and c4. 


(d) Rewrite the computer output for the general solu- 
tion of the system in the form X = X, + X,, where 
X. = cıXı + Cc2X5 st C3X3 + C4X4. 
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8.4 MATRIX EXPONENTIAL 


REVIEW MATERIAL 
e Appendix II.1 (Definitions I.10 and IL.11) 


INTRODUCTION Matrices can be used in an entirely different manner to solve a system of 
linear first-order differential equations. Recall that the simple linear first-order differential equation 
x’ = ax, where a is constant, has the general solution x = ce“, where c is a constant. It seems 
natural then to ask whether we can define a matrix exponential function e^', where A is a matrix of 
constants, so that a solution of the linear system X’ = AX is e“. 


HOMOGENEOUS SYSTEMS We shall now see that it is possible to define a ma- 
trix exponential e^' so that 


X = eC (1) 


is a solution of the homogeneous system X' = AX. Here A is an n X n matrix of 
constants, and C is an n X 1 column matrix of arbitrary constants. Note in (1) that the 
matrix C post multiplies e^ because we want e^ to be an n X n matrix. While the 
complete development of the meaning and theory of the matrix exponential would 
require a thorough knowledge of matrix algebra, one way of defining e^' is inspired 
by the power series representation of the scalar exponential function e^: 


ee ee ae eee dose SE. (2) 
2! k! izo k! 
The series in (2) converges for all t. Using this series, with 1 replaced by the identity 
I and the constant a replaced by ann X n matrix A of constants, we arrive at a defi- 
nition for the n X n matrix e^. 


DEFINITION 8.4.1 Matrix Exponential 


For any n X n matrix A, 


Marat RL 


It can be shown that the series given in (3) converges to an n X n matrix for 
every value of t. Also, A? = AA, A? = A(A)), and so on. 


DERIVATIVE OF e^t The derivative of the matrix exponential is analogous to the 


d 
differentiation property of the scalar exponential Jı e“ = ae”. To justify 


d 
— gar = A At 4 
dtf à "9 
we differentiate (3) term by term: 
d d g Di 1 
—e™ = — |I + At+ A?—4+---+AF—+---/=A+A%+—-A7P4+--- 
dt dt 21 k! 2! 


£g 
ZIEL 
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Because of (4), we can now prove that (1) is a solution of X’ = AX for every n X 1 
vector C of constants: 


d 
X' =— eMC = Ae"C = A(eNC) = AX. 


e^t IS A FUNDAMENTAL MATRIX If we denote the matrix exponential e^ 
by the symbol W(?) then (4) is equivalent to the matrix differential equation 
W'(t) = AW'(t) (see (3) of Section 8.3). In addition, it follows immediately from 
Definition 8.4.1 that W(0) = e^? = I, and so det W(0) # 0. It turns out that these two 
properties are sufficient for us to conclude that W(t) is a fundamental matrix of the 
system X' — AX. 


NONHOMOGENEOUS SYSTEMS We saw in (4) of Section 2.4 that the general 
solution of the single linear first-order differential equation x’ = ax + f(t), where a 
is a constant, can be expressed as 


t 
X Xe. ay = Cet ck e| e ^f(s) ds. 
to 


For a nonhomogeneous system of linear first-order differential equations it can be 
shown that the general solution of X’ = AX + F(?), where A is an n X n matrix of 
constants, is 


t 
X = X,+ X,= eC + zi e ^'F(s) ds. (5) 
t, 


0 


Since the matrix exponential e^' is a fundamental matrix, it is always nonsingular and 
e ^* = (e^), In practice, e ^* can be obtained from e^ by simply replacing t by — s. 


COMPUTATION OF e^t The definition of e^' given in (3) can, of course, always 
be used to compute e^'. However, the practical utility of (3) is limited by the fact that 
the entries in e^' are power series in t. With a natural desire to work with simple and 
familiar things, we then try to recognize whether these series define a closed-form 
function. See Problems 1—4 in Exercises 8.4. Fortunately, there are many alternative 
ways of computing e^'; the following discussion shows how the Laplace transform 
can be used. 


USE OF THE LAPLACE TRANSFORM We saw in (5) that X — e^' is a solution of 
X’ = AX. Indeed, since e^? = I, X = e^' is a solution of the initial-value problem 


X'—AX, X(0-I (6) 
If xs) = L{X()} = S££(e^!, then the Laplace transform of (6) is 
sx(s) — X(0) = Ax(s) or (sI — A)x(s) = I. 


Multiplying the last equation by (sI— A) ! implies that x(s) = (sI — A) ! 
I = (sI — A) !. In other words, £(e*'] = (sI — A)! or 


eM = S$-(sI — A)71). (7) 


l EXAMPLE 1 Matrix Exponential 


1 =] 
Use the Laplace transform to compute e^! for A = D EL 
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SOLUTION First we compute the matrix sI — A and find its inverse: 


=f 1 
a-a=(* ) 
=2 £2 


st+2 =f 
ara - (577 1 y- s(s- D) s(s +1) 
=) Gg 2 s—1 


s(s +1) s(s+ 1) 


Then we decompose the entries of the last matrix into partial fractions: 


2 1 1 1 
+ 1 s ed 
S sS 
I-A)!- 8 
(s ) 2 2 1 2 (8) 
S* md S stl 


It follows from (7) that the inverse Laplace transform of (8) gives the desired result, 


P ( eee repe " 
ets : 
2.—28e* =] + 2e 


USE OF COMPUTERS For those who are willing to momentarily trade under- 
standing for speed of solution, e^' can be computed with the aid of computer software. 
See Problems 27 and 28 in Exercises 8.4. 


| | EX E RC | S E S 8 : 4 Answers to selected odd-numbered problems begin on page ANS-14. 
At —At 1 t 
In Problems 1 and 2 use (3) to compute e^' and e". 10. X = ( d " ( 
0 2 e“ 
1 0 0 1 
1. A= ( ) 2. A= ( ) 0 1 1 
0 2 1 0 11. X’ = xX + 
1 0 1 
In Problems 3 and 4 use (3) to compute e^. 2. x’ = ( x $ 
1 0 sinh £ 
: : l ee aes 13. Solve th tem in Problem 7 subject to the initial 
nie ee 1 1 1 "em - Solve the system in Problem 7 subject to the initia 
condition 
a2. c9. 2 5 1 0 j 
In Problems 5-8 use (1) to find the general solution of the AU = | =4 |. 
given system. 6 
14. Solve the system in Problem 9 subject to the initial 
5 x= ( ))x 6x- n x condition 
0 2 1 0 4 
X(0) — ( ) 
Dod: d 00 0 a 
7.X'—| 1 1 1fX 8. X'=|3 0 0X In Problems 15—18 use the method of Example 1 to com- 
2, oe = 2 5 1 0 pute e^' for the coefficient matrix. Use (1) to find the general 
solution of the given system. 
In Problems 9-12 use (5) to find the general solution of the 4 3 4 2d 
given system. 15. X' = (i 3s 16. X' - ( x 


gwal "ig. i. x -( ME 18. x’ = ( 0 j)x 
0 2 = jd =} =) 


Let P denote a matrix whose columns are eigenvectors 


K,, K»...., K, corresponding to distinct eigenvalues 
Àj, Ao,..., A, of an n X n matrix A. Then it can be shown 
that A = PDP ^, where D is defined by 
A, 0 -:: 0 
0 A 5:5 0 
di E: 4 (9) 
0 0 -::: A, 


In Problems 19 and 20 verify the foregoing result for the 


given matrix. 
2 1 2 1 
19. A — ( 20. A = ( ) 
=3. 6 1 2 


21. Suppose A = PDP“ !, where D is defined as in (9). Use 
(3) to show that e^! = PeP'p !, 


22. Use (3) to show that 


eh 0 0 
0 e» 0 
eP! = 
0 0 edn 


where D is defined as in (9). 


In Problems 23 and 24 use the results of Problems 19—22 to 
solve the given system. 


2 1 
n x -( 2 


Discussion Problems 


25. Reread the discussion leading to the result given in (7). 
Does the matrix sI — A always have an inverse? Discuss. 
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26. A matrix A is said to be nilpotent if there exists 
some integer m such that A" = 0. Verify that 


=I 1 I1 
A-—|-1 0 1f is nilpotent. Discuss why it is 
=]. 2 1 


relatively easy to compute e^' when A is nilpotent. 


Compute e^' and then use (1) to solve the system 
X' = AX. 


Computer Lab Assignments 


27. (a) Use (1) to find the general solution of 


i 4 2 A 
xX’ = 3 4 X. Use a CAS to find e^". Then use 
the computer to find eigenvalues and eigenvectors 


2 
2) and form the 


general solution in the manner of Section 8.2. 
Finally, reconcile the two forms of the general solu- 
tion of the system. 


(b) Use (1) to find the 


4 
of the coefficient matrix A = B 


general solution of 


|! cs 1) At 
xX’ = > -1 X. Use a CAS to find e^". In the 
case of complex output, utilize the software to do 
the simplification; for example, in Mathematica, if 
m = MatrixExp[A t] has complex entries, then 
try the command Simplify[ ComplexExpand[m]]. 


28. Use (1) to find the general solution of 


—4 0 6 0 

x' = 0 -5 0 =4 X 
-1 0 1 0 
0 3 0 2 


Use MATLAB or a CAS to find e^. 
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In Problems 1 and 2 fill in the blanks. 


4 
1. The vector X — (5) is a solution of 
1 4 
x-G i)x-() 
2, =| 1 


=] 5 
2. The vector X = 2 Je + «(e is solution of 


fork — 


1 10 2 
the initial-value problem X' — (. B ox, X(0) = (5 


for c; = and c2 = 


4 6 6 
3. Consider the linear system X' — 1 3 2 |X. 
=]. =4 =3 


Without attempting to solve the system, determine 
which one of the vectors 


0 1 3 6 
K, —|1 å K, = 1 E K, = il , K, = 2 
1 -1 =] =5 


is an eigenvector of the coefficient matrix. What is 
the solution of the system corresponding to this 
eigenvector? 


338 e 


4. Consider the linear system X' = AX of two differential 
equations, where A is a real coefficient matrix. What is 
the general solution of the system if it is known that 


1 
A, = 1 + 27 is an eigenvalue and K; = ( ) is a corre- 
i 


sponding eigenvector? 


In Problems 5— 14 solve the given linear system. 


dx dx 
5. — = 2x + . = —4x+2 
dt me dt i J 
d d 
oy x X = 2x — 4y 
dt dt 
15 22 x. 
7. X' = )x 8. X' = ( x 
=2 1 —2 4 
] =) 1 0 2 1 
9. X' =|0 1 3|X 10. X'-|1 1] -2|X 
4 3 1 2 2 -1 


11. 


12. X' = 


13. X' = 


>< 
Il 
P mm ME c om a cd 

O N 
& oo 
So 
> 
+ 
pe 
m 

[e N 
= 

So 


16. Verify that X = ( 
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1 — 
i x 2( 3 x(a 
=l. A 1 


15. (a) Consider the linear system X' = AX of three first- 
order differential equations, where the coefficient 
matrix is 


5 3 3 
A-| 3 2 3 
=5 55 =3 


and A = 2 is known to be an eigenvalue of multi- 
plicity two. Find two different solutions of the sys- 
tem corresponding to this eigenvalue without using 
a special formula (such as (12) of Section 8.2). 


(b) Use the procedure of part (a) to solve 


1 1 
X'—|1 1 I]|X. 
1 1 

Cy 


Je is a solution of the linear system 
C2 


for arbitrary constants c, and c2. By hand, draw a phase 
portrait of the system. 


NUMERICAL SOLUTIONS 


OF ORDINARY DIFFERENTIAL 


EQUATIONS 


9.1 Euler Methods and Error Analysis 

9.2 Runge-Kutta Methods 

9.3 Multistep Methods 

9.4 Higher-Order Equations and Systems 
9.5 Second-Order Boundary- Value Problems 
CHAPTER 9 IN REVIEW 


Even if it can be shown that a solution of a differential equation exists, we might not 
be able to exhibit it in explicit or implicit form. In many instances we have to be 
content with an approximation of the solution. If a solution exists, it represents a set 
of points in the Cartesian plane. In this chapter we continue to explore the basic 
idea of Section 2.6, that is, utilizing the differential equation to construct an 
algorithm to approximate the y-coordinates of points on the actual solution curve. 
Our concentration in this chapter is primarily on first-order IVPs dy/dx — f(x, y), 
y(xo) = yo. We saw in Section 4.9 that numerical procedures developed for first- 
order DEs extend in a natural way to systems of first-order equations, and so we can 
approximate solutions of a higher-order equation by recasting it as a system of first- 
order DEs. Chapter 9 concludes with a method for approximating solutions of 


linear second-order boundary-value problems. 
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CHAPTER 9 NUMERICAL SOLUTIONS OF ORDINARY DIFFERENTIAL EQUATIONS 


9.1 


EULER METHODS AND ERROR ANALYSIS 


REVIEW MATERIAL 
e Section 2.6 


INTRODUCTION In Chapter 2 we examined one of the simplest numerical methods for 
approximating solutions of first-order initial-value problems y’ = f(x, y), y(xo) = yo. Recall that the 
backbone of Euler’s method is the formula 


Yn+1 — Yn a5 hf (Xn, Yn), (1) 
where f is the function obtained from the differential equation y' = f(x, y). The recursive use of (1) 
for n = 0, 1, 2, .. . yields the y-coordinates y1, y». y3, . . . of points on successive “tangent lines" to 
the solution curve at x1, xo, X3, . . . Or Xn = xo + nh, where h is a constant and is the size of the step 
between x,, and x„+1. The values y1, y2, y3, . . . approximate the values of a solution y(x) of the IVP 
at x1, X2, X3, .... But whatever advantage (1) has in its simplicity is lost in the crudeness of its 
approximations. 
A COMPARISON In Problem 4 in Exercises 2.6 you were asked to use Euler's 
method to obtain the approximate value of y(1.5) for the solution of the initial-value 
problem y' = 2xy, y(1) = 1. You should have obtained the analytic solution 
y = e"! and results similar to those given in Tables 9.1 and 9.2. 
TABLE 9.1 Euler's Method with h = 0.1 TABLE 9.2  Euler's Method with h = 0.05 
Actual Abs. % Rel. Actual Abs. % Rel. 
X Yn value error error X Yn value error error 
1.00 1.0000 1.0000 0.0000 0.00 1.00 1.0000 1.0000 0.0000 0.00 
1.10 1.2000 1.2337 0.0337 2.73 1.05 1.1000 1.1079 0.0079 0.72 
1.20 1.4640 1.5527 0.0887 5.71 1.10 1.2155 1.2337 0.0182 1.47 
1.30 1.8154 1.9937 0.1784 8.95 115 1.3492 1.3806 0.0314 2.27 
1.40 2.2874 2.6117 0.3244 12.42 1.20 1.5044 1.5527 0.0483 341 
1.50 2.9278 3.4903 0.5625 16.12 125 1.6849 1.7551 0.0702 4.00 
1.30 1.8955 1.9937 0.0982 4.93 
1.35 2.1419 2.2762 0.1343 5.90 
1.40 2.4311 2.6117 0.1806 6.92 
1.45 2.7114 3.0117 0.2403 7.98 
1.50 3.1733 3.4903 0.3171 9.08 


In this case, with a step size h = 0.1 a 16% relative error in the calculation of 
the approximation to y(1.5) is totally unacceptable. At the expense of doubling the 
number of calculations, some improvement in accuracy is obtained by halving the 
step size to h = 0.05. 


ERRORS IN NUMERICAL METHODS In choosing and using a numerical 
method for the solution of an initial-value problem, we must be aware of the various 
sources of errors. For some kinds of computation the accumulation of errors might 
reduce the accuracy of an approximation to the point of making the computation use- 
less. On the other hand, depending on the use to which a numerical solution may be 
put, extreme accuracy might not be worth the added expense and complication. 

One source of error that is always present in calculations is round-off error. 
This error results from the fact that any calculator or computer can represent numbers 
using only a finite number of digits. Suppose, for the sake of illustration, that we have 
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a calculator that uses base 10 arithmetic and carries four digits, so that i is repre- 
sented in the calculator as 0.3333 and 5 is represented as 0.1111. If we use this 


calculator to compute (2 = 1) / (x — 1 for x = 0.3334, we obtain 


(03334 — 0.1111 0.1112 — 0.1111 
0.3334 — 0.3333 0.3334 — 0.3333 


With the help of a little algebra, however, we see that 


en} eerd iui 


1 , 
x~ 3 


so when x = 0.3334, (x? — 1)/(x — 1) ~ 0.3334 + 0.3333 = 0.6667. This exam- 
ple shows that the effects of round-off error can be quite serious unless some care is 
taken. One way to reduce the effect of round-off error is to minimize the number of 
calculations. Another technique on a computer is to use double-precision arithmetic 
to check the results. In general, round-off error is unpredictable and difficult to ana- 
lyze, and we will neglect it in the error analysis that follows. We will concentrate on 
investigating the error introduced by using a formula or algorithm to approximate the 
values of the solution. 


TRUNCATION ERRORS FOR EULER'S METHOD In the sequence of values 
Yr Y2, Ya. . . . generated from (1), usually the value of yı will not agree with the actual 
solution at x, —namely, y(x1i) — because the algorithm gives only a straight-line 
approximation to the solution. See Figure 2.6.2. The error is called the local truncation 
error, formula error, or discretization error. It occurs at each step; that is, if we 
assume that y, is accurate, then y,,+; will contain local truncation error. 

To derive a formula for the local truncation error for Euler's method, we use 
Taylor's formula with remainder. If a function y(x) possesses k + 1 derivatives that 
are continuous on an open interval containing a and x, then 


(x = a)**! 


(k+ 1! 


yeu) 


- = k 
yG) = y(a) + y'a = an 


i qose y® (a) 


where c is some point between a and x. Setting k = 1, a = xn, and x = Xn+1 = Xn +h, 
we get 


, h n h? 
YAni) = yo) + y OE + y'(c) PT 


h2 
or YOn+y = Yn a hf(x,, Yn) + y'(c) 2! d 
Ii P 


Yn+1 


Euler’s method (1) is the last formula without the last term; hence the local 
truncation error in y,+1 is 


h2 
y"(c) Fp where x, <C< Xpy 


The value of c is usually unknown (it exists theoretically), so the exact error cannot 
be calculated, but an upper bound on the absolute value of the error is 
Mh?/2!, where M = max |y"(x)|. 


EE E AN 

In discussing errors that arise from the use of numerical methods, it is helpful to use 
the notation O(h”). To define this concept, we let e(h) denote the error in a numerical 
calculation depending on h. Then e(h) is said to be of order h”, denoted by O(h”), if there 
exist a constant C and a positive integer n such that | e(h) | = Ch” for h sufficiently small. 
Thus the local truncation error for Euler’s method is Oh’). We note that, in general, if 
e(h) in a numerical method is of order h” and h is halved, the new error is approximately 
C(h/2)" = Ch"/2"; that is, the error is reduced by a factor of 1/2”. 
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| EXAMPLE 1 Bound for Local Truncation Errors 


Find a bound for the local truncation errors for Euler’s method applied to 
y = 2xy, y(1) = 1. 


SOLUTION From the solution y = e*~! we get y" = (2 + 4x2)e*-, so the local 
truncation error is 


y"c) E (2 + 4cyel^^» 2 
2 2’ 


where c is between x, and x, + h. In particular, for h = 0.1 we can get an upper 
bound on the local truncation error for y; by replacing c by 1.1: 


2 + aL De pec» OD! 
2 


— 0.0422. 
From Table 9.1 we see that the error after the first step is 0.0337, less than the value 
given by the bound. 

Similarly, we can get a bound for the local truncation error for any of the five 
steps given in Table 9.1 by replacing c by 1.5 (this value of c gives the largest value 
of y"(c) for any of the steps and may be too generous for the first few steps). Doing 
this gives 


21 (1.52) 0-1 
[2 + (4.5) Te 9» Ea = 0.1920 (2) 
as an upper bound for the local truncation error in each step. a 


Note that if h is halved to 0.05 in Example 1, then the error bound is 0.0480, 
about one-fourth as much as shown in (2). This is expected because the local trunca- 
tion error for Euler's method is O(/?). 

In the above analysis we assumed that the value of y, was exact in the calcula- 
tion of y,+1, but it is not because it contains local truncation errors from previous 
steps. The total error in y+; is an accumulation of the errors in each of the previous 
steps. This total error is called the global truncation error. A complete analysis of 
the global truncation error is beyond the scope of this text, but it can be shown that 
the global truncation error for Euler's method is O(A). 

We expect that, for Euler's method, if the step size is halved the error will 
be approximately halved as well. This is borne out in Tables 9.1 and 9.2 where the 
absolute error at x = 1.50 with h = 0.1 is 0.5625 and with h = 0.05 is 0.3171, 
approximately half as large. 

In general it can be shown that if a method for the numerical solution of a 
differential equation has local truncation error O(h°*'), then the global truncation 
error is O(h^). 

For the remainder of this section and in the subsequent sections we study meth- 
ods that give significantly greater accuracy than does Euler's method. 


IMPROVED EULER'S METHOD The numerical method defined by the formula 


Jt Yn) t fea, Ya) 
2 , 


Ynt+1 — Yn T (3) 


where Yia = Yn + hf Yn)» (4) 


is commonly known as the improved Euler's method. To compute y„+ı for 
n —0,1,2,... from (3), we must, at each step, first use Euler's method (4) to obtain 
an initial estimate y*, ,. For example, with n = 0, (4) gives yf = yo + hf(xo, Yo), and 


»Yo) + fen. yi 
then, knowing this value, we use (3) to get y; = yo +h PG Yo) + FOr yi) 


, where 


(x, yO) 


Qa. y1) 


solution 
curve 


m 
z ave 


Z 
7 
^,m| = f(x, yD 
Zo mo = f(x, yo) 


pia. = FRID 3 fé Y) 


ave 


> 
X1 x 


FIGURE 9.1.1 Slope of red dashed 
line is the average of mo and m, 


TABLE 9.3 Improved Euler's Method with h = 0.1 
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xı = xo + h. These equations can be readily visualized. In Figure 9.1.1 observe that 
mo = f (xo, yo) and m, = f(x,, y) are slopes of the solid straight lines shown passing 
through the points (xo, yo) and (xj. y), respectively. By taking an average of these 
E f Qo. yo) + FO, yf) 
2 

dashed skew lines. With the first step, rather than advancing along the line through 
(xo, yo) with slope f(xo, yo) to the point with y-coordinate yf obtained by Euler's 
method, we advance instead along the red dashed line through (xo, yo) with slope Maye 
until we reach xı. It seems plausible from inspection of the figure that y, is an 
improvement over yf. 

In general, the improved Euler's method is an example of a predictor-corrector 
method. The value of y, , given by (4) predicts a value of y(x,), whereas the value of 
Yn+1 defined by formula (3) corrects this estimate. 


l EXAMPLE 2 Improved Euler’s Method 


Use the improved Euler’s method to obtain the approximate value of y(1.5) for the 
solution of the initial-value problem y' = 2xy, y(1) = 1. Compare the results for 
h = 0.1 and h = 0.05. 


slopes, that is, mu. , we obtain the slope of the parallel 


SOLUTION With xo = 1, yo = 1, f(Xn, Yn) = 2Xnyn, n = 0, and h = 0.1, we first 
compute (4): 


yf = yo + (0.1)2xgyo) = 1 + (0.1)2C)C1) = 1.2. 
We use this last value in (3) along with xy = 1 + h = 1 + 0.1 = 1.1: 


yon Ou ye XD) + 20.1.2 
yi = yo + 0p AEBS — + (0,1) OAR — 1 32. 


The comparative values of the calculations for A = 0.1 and h = 0.05 are given in 
Tables 9.3 and 9.4, respectively. 


TABLE 9.4 Improved Euler's Method with h = 0.05 


Actual Abs. % Rel. Actual Abs. % Rel. 

x Vn value error error Xn 35 value error error 
1.00 1.0000 1.0000 0.0000 0.00 1.00 1.0000 1.0000 0.0000 0.00 
1.10 1.2320 1.2337 0.0017 0.14 1.05 1.1077 1.1079 0.0002 0.02 
1.20 1.5479 1.5527 0.0048 0.31 1.10 1.2332 1.2337 0.0004 0.04 
1.30 1.9832 1.9937 0.0106 0.53 1.15 1.3798 1.3806 0.0008 0.06 
1.40 2.5908 2.6117 0.0209 0.80 1.20 1.5514 1.5527 0.0013 0.08 
1.50 3.4509 3.4904 0.0394 1.13 1.25 1.7531 1.7551 0.0020 0.11 
1.30 1.9909 1.9937 0.0029 0.14 

1.35 2.2721 2.2162 0.0041 0.18 

1.40 2.6060 2.6117 0.0057 0.22 

1.45 3.0038 3.0117 0.0079 0.26 

1.50 3.4795 3.4904 0.0108 0.31 


A brief word of caution is in order here. We cannot compute all the values of y 
first and then substitute these values into formula (3). In other words, we cannot use 
the data in Table 9.1 to help construct the values in Table 9.3. Why not? 


TRUNCATION ERRORS FOR THE IMPROVED EULER'S METHOD The local 
truncation error for the improved Euler's method is O(Rh?). The derivation of this 
result is similar to the derivation of the local truncation error for Euler's method. 
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Since the local truncation error for the improved Euler's method is O(/?), the global 
truncation error is O(A?). This can be seen in Example 2; when the step size is halved 
from h = 0.1 to h = 0.05, the absolute error at x = 1.50 is reduced from 0.0394 to 


0.0108, a reduction of approximately () = 


1 
re 


EX E RC | S E S 9 : 1 Answers to selected odd-numbered problems begin on page ANS-15. 


In Problems 1—10 use the improved Euler's method to obtain 
a four-decimal approximation of the indicated value. First 
use h = 0.1 and then use h = 0.05. 


ee NAN PR YP HH 


E Em 
mM c 


12. 


13. 


. y =2x-— 3y + 1, y(1) = 5; 
. y = 4x — 2y, y(0)=2; y(0.5) 


»(1.5) 


y =1+y’,y0)=0; y(05) 
‘=x? + y*,y(0) =1; y(0.5) 
‘=e, y(0)=0; (0.5) 

'=x +y, y(0)=0; y(0.5) 

' = œ = y}, y(0) = 0.5; y(0.5) 


. y' =xy + Vy, y(0) = 1; y(0.5) 
y 

. y 2 xy yd) = bh y05 

. y! =y— y’, y0) =0.5; y(0.5) 


. Consider the initial-value problem y' = (x + y — 1)?, 


y(0)=2. Use the improved Euler’s method with 
h = 0.1 and h = 0.05 to obtain approximate values 
of the solution at x = 0.5. At each step compare the 
approximate value with the actual value of the analytic 
solution. 


Although it might not be obvious from the differential 
equation, its solution could “behave badly” near a point 
x at which we wish to approximate y(x). Numerical pro- 
cedures may give widely differing results near this 
point. Let y(x) be the solution of the initial-value prob- 
lem y' 2 x? + y3, (1) = 1. 

(a) Use a numerical solver to graph the solution on the 

interval [1, 1.4]. 


(b) Using the step size A = 0.1, compare the results 
obtained from Euler's method with the results from 
the improved Euler's method in the approximation 
of y(1.4). 

Consider the initial-value problem y' = 2y, y(0) = 1. 


The analytic solution is y = e?*. 


(a) Approximate y(0.1) using one step and Euler's 
method. 


(b) Find a bound for the local truncation error in y1. 
(c) Compare the error in y, with your error bound. 


(d) Approximate y(0.1) using two steps and Euler's 
method. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


(e) Verify that the global truncation error for Euler's 
method is O(h) by comparing the errors in parts 
(a) and (d). 


Repeat Problem 13 using the improved Euler’s method. 
Its global truncation error is O(n’). 


Repeat Problem 13 using the initial-value problem 
y' =x — 2y, y(0) = 1. The analytic solution is 


ay ld 5 
y—5X a T qe 


—2x 
Repeat Problem 15 using the improved Euler's method. 
Its global truncation error is O(h’). 


Consider the initial-value problem y' = 2x — 3y + 1, 
y(1) = 5. The analytic solution is 


ELS 38 —36- 
y(x)*zgd2ixdue 


(a) Find a formula involving c and h for the local trunca- 
tion error in the nth step if Euler's method is used. 


(b) Find a bound for the local truncation error in each 
step if h = 0.1 is used to approximate y(1.5). 

(c) Approximate y(1.5) using h = 0.1 and h = 0.05 with 
Euler's method. See Problem 1 in Exercises 2.6. 


(d) Calculate the errors in part (c) and verify that the 
global truncation error of Euler’s method is O(h). 


Repeat Problem 17 using the improved Euler's 
method, which has a global truncation error O(I?). See 
Problem 1. You might need to keep more than four 
decimal places to see the effect of reducing the order 
of the error. 


Repeat Problem 17 for the initial-value problem y' = e”, 
y(0) =0. The analytic solution is y(x) = ln(x + 1). 


Approximate y(0.5). See Problem 5 in Exercises 2.6. 


Repeat Problem 19 using the improved Euler’s 
method, which has global truncation error O(h?). See 
Problem 5. You might need to keep more than four 
decimal places to see the effect of reducing the order 
of error. 


Discussion Problems 


21. 


Answer the question *Why not?" that follows the three 
sentences after Example 2 on page 343. 
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9.2 


RUNGE-KUTTA METHODS 


REVIEW MATERIAL 
e Section 2.8 (see page 78) 


INTRODUCTION Probably one of the more popular as well as most accurate numerical proce- 
dures used in obtaining approximate solutions to a first-order initial-value problem y' = f(x, y), 
y(xo) — yois the fourth-order Runge-Kutta method. As the name suggests, there are Runge-Kutta 
methods of different orders. 


RUNGE-KUTTA METHODS Fundamentally, all Runge-Kutta methods are gener- 
alizations of the basic Euler formula (1) of Section 9.1 in that the slope function f is 
replaced by a weighted average of slopes over the interval x, = x S x,+1. That is, 


weighted average 
A 


ir E 
Yn+1 — Yn F h (wk, T Wk, a Reh ae WinKin)» (1) 
Here the weights w;, i — 1, 2,..., m, are constants that generally satisfy 
wi + woact-::-:-ct-wa,-—l,andeachk,i— 1, 2,..., m, is the function f evalu- 


ated at a selected point (x, y) for which x, € x S x„+1. We shall see that the k; are 
defined recursively. The number m is called the order of the method. Observe that 
by taking m = 1, w; = 1, and kı = f(%n, Yn), we get the familiar Euler formula 
Yn+1 = yn + Af(Xn, Yn). Hence Euler’s method is said to be a first-order Runge- 
Kutta method. 
The average in (1) is not formed willy-nilly, but parameters are chosen so that 
(1) agrees with a Taylor polynomial of degree m. As we saw in the preceding section, 
if a function y(x) possesses k + | derivatives that are continuous on an open interval 
containing a and x, then we can write 
x—a (x — ay 


(x _ a)! 
+y” E e ses yess es (k+1) D TED. NN 
n ty >a y O EED 


yQ) = y(a) + y'(a) 


^, 


where c is some number between a and x. If we replace a by x, and x by 
Xn+1 = Xn + h, then the foregoing formula becomes 


k+1 


yk Dee), 


rà n " 
Vines) = YO E) = Gq) + hy’) + Fy") * t aoo? 


where c is now some number between x, and x„+1. When y(x) is a solution of 
y' = f(x, y) in the case k = 1 and the remainder ih^y"(c) is small, we see that a 
Taylor polynomial y(x,41) = yn) + hy'(xn) of degree one agrees with the 
approximation formula of Euler's method 


Yn+1 — Yn + hy, — Yn + hf(x,, Yi 


A SECOND-ORDER RUNGE-KUTTA METHOD To further illustrate (1), we 
consider now a second-order Runge-Kutta procedure. This consists of finding 
constants or parameters wi, w2, a, and f so that the formula 


Yn+1 — Yn + h(wik, + Wok), (2) 
where ki = fn Yn) 
ky = f(x, + ah, Yn F Bhk), 
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agrees with a Taylor polynomial of degree two. For our purposes it suffices to say that 
this can be done whenever the constants satisfy 
1 1 


w + w, = 1, wa =>, and mB = 5 


2 (3) 


This is an algebraic system of three equations in four unknowns and has infinitely 


many solutions: 
1 l d Æ l (4) 
w =1-wW, g——— an rs 
: s 2w, 2w 


where w2 # 0. For example, the choice w, = 1 yields w, — i, a = l,and B = 1, 
and so (2) becomes 


h 
Yn+1 7— Yn am 5 V "E ky), 
where ki = f Xn Yn) and ky = f(x, + h, y, + hk). 


Since x, + h = x,4, and y, + hk, = y, + hf(Xn, Yn), the foregoing result is rec- 
ognized to be the improved Euler’s method that is summarized in (3) and (4) of 
Section 9.1. 

In view of the fact that w2 # 0 can be chosen arbitrarily in (4), there are many 
possible second-order Runge-Kutta methods. See Problem 2 in Exercises 9.2. 

We shall skip any discussion of third-order methods in order to come to the prin- 
cipal point of discussion in this section. 


A FOURTH-ORDER RUNGE-KUTTA METHOD A fourth-order Runge-Kutta 
procedure consists of finding parameters so that the formula 


Yntt = Yn + hwy ky + wok, + w3k3 + w4k4), (5) 
where ki = f Xn Yn) 
ky = f&n + ah, y, + Byhk,) 
ks = f(x, + azh, y, + Byhk, + Bshk;) 


ky = f&n, + 03h, y, + Bahk, + Bshk, + Behks), 


agrees with a Taylor polynomial of degree four. This results in a system of 11 equa- 
tions in 13 unknowns. The most commonly used set of values for the parameters 
yields the following result: 


f 
Yni = Ja + z (ki + et Ob + by, 


ki = f Gar y 

k = f(x, + thy, + 44k) (6) 
ks = f(x, + 4h, y, + ini) 

ky = f(x, + h, y, + hka). 


While other fourth-order formulas are easily derived, the algorithm summarized in (6) 
is so widely used and recognized as a valuable computational tool it is often referred to 
as the fourth-order Runge-Kutta method or the classical Runge-Kutta method. It is (6) 
that we have in mind, hereafter, when we use the abbreviation the RK4 method. 

You are advised to look carefully at the formulas in (6); note that k2 depends on 
kı, k3 depends on kz, and k4 depends on k3. Also, kọ and k3 involve approximations 
to the slope at the midpoint x„ + A h of the interval defined by x, S x S xy41. 


TABLE 9.5 RK4 Method with h = 0.1 


Actual 
Yn value 


Abs. 
error 


% Rel. 
error 


1.0000 1.0000 
1.2337 1.2337 
1.5527 1.5527 
1.9937 1.9937 
2.6116 2.6117 
3.4902 3.4904 


0.0000 
0.0000 
0.0000 
0.0000 
0.0001 
0.0001 


0.00 
0.00 
0.00 
0.00 
0.00 
0.00 


TABLE 9.6 y'-2xyy(1) = 1 


9.2 RUNGE-KUTTA METHODS ° 347 


l EXAMPLE 1 RK4 Method 


Use the RK4 method with h = 0.1 to obtain an approximation to y(1.5) for the solu- 
tion of y' = 2xy, y(1) = 1. 


SOLUTION For the sake of illustration let us compute the case when n = 0. From 
(6) we find 
ki = f (Xo, Yo) = 2xoyo = 2 
ky =f (xo + 10.1, yo + 100.12) 
= 2x) + 10.D)(» + 10.2) = 2.31 
ks = f (xo + 50.1), yo + 30.12.31) 
=2(x + 10.D)(yo + 4(0.231)) = 2.34255 
ky = f(xo + (0.1), yo + (0.1)2.34255) 
=2(x + 0.1)(yo + 0.234255) = 2.715361 


and therefore 


0.1 
yi = yo + e ^ + 2k, + 2k, + ky) 


0.1 
=1 += (2 + 2(2.31) + 2(2.34255) + 2.715361) = 1.23367435. 


The remaining calculations are summarized in Table 9.5, whose entries are 
rounded to four decimal places. a 


Inspection of Table 9.5 shows why the fourth-order Runge-Kutta method is 
so popular. If four-decimal-place accuracy is all that we desire, there is no need to use 
a smaller step size. Table 9.6 compares the results of applying Euler’s, the improved 
Euler’s, and the fourth-order Runge-Kutta methods to the initial-value problem 
y’ = 2xy, y(1) = 1. (See Tables 9.1 and 9.3.) 


Comparison of numerical methods with h = 0.1 Comparison of numerical methods with h = 0.05 
Improved Actual Improved Actual 
x, Euler Euler RK4 value Ka Euler Euler RK4 value 

1.00 1.0000 1.0000 1.0000 1.0000 1.00 1.0000 1.0000 1.0000 1.0000 
1.10 1.2000 1.2320 1.2337 1.2337 1.05 1.1000 1.1077 1.1079 1.1079 
1.20 1.4640 1.5479 1.5527 1.5527 1.10 1.2155 1.2332 1.2337 1.2337 
1.30 1.8154 1.9832 1.9937 1.9937 1.15 1.3492 1.3798 1.3806 1.3806 
1.40 2.2874 2.5908 2.6116 2.6117 1.20 1.5044 1.5514 1.5527 1.5527 
1.50 2.9278 3.4509 3.4902 3.4904 1.25 1.6849 1.7531 1.7551 1.7551 
1.30 1.8955 1.9909 1.9937 1.9937 

1.35 2.1419 22721 2.2762 2.2762 

1.40 2.4311 2.6060 2.6117 2.6117 

1.45 2.7714 3.0038 3.0117 3.0117 

1.50 3.1733 3.4795 3.4903 3.4904 


TRUNCATION ERRORS FOR THE RK4 METHOD In Section 9.1 we saw that 
global truncation errors for Euler's method and for the improved Euler's method are, 
respectively, O(h) and O(h’). Because the first equation in (6) agrees with a Taylor 
polynomial of degree four, the local truncation error for this method is yÓ(c) 5/5! 
or O(/)), and the global truncation error is thus O(It^). It is now obvious why Euler's 
method, the improved Euler's method, and (6) are first-, second-, and fourth-order 
Runge-Kutta methods, respectively. 
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TABLE 9.7 RK4 Method 


l EXAMPLE 2 Bound for Local Truncation Errors 


Find a bound for the local truncation errors for the RK4 method applied to 
y = 2xy, y(1) = 1. 


SOLUTION By computing the fifth derivative of the known solution y(x) = e*~!, 
we get 
h? i. 
Pog = (120c + 160c? + 32c)e* ^! sr (7) 
Thus with c — 1.5, (7) yields a bound of 0.00028 on the local truncation error for 
each of the five steps when h = 0.1. Note that in Table 9.5 the error in y; is much less 
than this bound. 
Table 9.7 gives the approximations to the solution of the initial-value problem at 


h Approx. Error 


0.1  3.49021064 1.32321089 x 10 * 


0.05 3.49033382 9.13776090 x 107° 


x — 1.5 that are obtained from the RK4 method. By computing the value of the ana- 
lytic solution at x = 1.5, we can find the error in these approximations. Because the 
method is so accurate, many decimal places must be used in the numerical solution 
to see the effect of halving the step size. Note that when A is halved, from A = 0.1 to 
h — 0.05, the error is divided by a factor of about 2^ = 16, as expected. il 


ADAPTIVE METHODS We have seen that the accuracy of a numerical method for 
approximating solutions of differential equations can be improved by decreasing the 
step size h. Of course, this enhanced accuracy is usually obtained at a cost —namely, 
increased computation time and greater possibility of round-off error. In general, 
over the interval of approximation there may be subintervals where a relatively large 
step size suffices and other subintervals where a smaller step is necessary to keep the 
truncation error within a desired limit. Numerical methods that use a variable step 
size are called adaptive methods. One of the more popular of the adaptive routines 
is the Runge-Kutta-Fehlberg method. Because Fehlberg employed two Runge- 
Kutta methods of differing orders, a fourth- and a fifth-order method, this algorithm 
is frequently denoted as the RKF45 method.* 


*The Runge-Kutta method of order four used in RKF45 is not the same as that given in (6). 


|| EXERCISES 9.2 


Answers to selected odd-numbered problems begin on page ANS-15. 


1. Use the RK4 method with A — 0.1 to approximate 
y(0.5), where y(x) is the solution of the initial-value 
problem y' = (x + y — D?, y(0) = 2. Compare this 
approximate value with the actual value obtained in 


Problem 11 in Exercises 9.1. 


2. Assume that w, = i 


in (4). Use the resulting second- 10 


6. y =x +y? y(0)= 1; y(0.5) 
7. y =e, y(0)=0; y(0.5) 

8. y 2x - y^ y(0) 20; y(0.5) 

9. y! = (x — y», (0) = 0.5; y(0.5) 
.y =xy+ Vyy(00-1; y(0.5) 


< 
I 


order Runge-Kutta method to approximate y(0.5), where y 
y(x) is the solution of the initial-value problem in 11. y'= xy 2290 =1; y(5 


Problem 1. Compare this approximate value with the ap- D. v 
proximate value obtained in Problem 11 in Exercises 9.1. ! 


y — y?, y(0) = 0.5; y(0.5) 


13. If air resistance is proportional to the square of the instan- 


< 
Il 


In Problems 3-12 use the RK4 method with A = 0.1 to taneous velocity, then the velocity v of a mass m dropped 
obtain a four-decimal approximation of the indicated value. from a given height is determined from 
3. y 2x -3y + Ly(D 95; y(1.5) mZ ee 


4. y = 4x — 2y, y(0, 22; y(0.5) 
5. y 1 y^ y(0) =0; y(0.5) 


Let v(0) — 0, k — 0.125, m — 5 slugs, and g — 32 ft/s?. 


(a) Use the RK4 method with h = 1 to approximate the 
velocity v(5). 


(b) Use a numerical solver to graph the solution of the 
IVP on the interval [0, 6]. 


(c) Use separation of variables to solve the IVP and 
then find the actual value v(5). 


14. A mathematical model for the area A (in cm?) that a 
colony of bacteria (B. dendroides) occupies is given by 


dA 
a A(2.128 — 0.0432A).* 


Suppose that the initial area is 0.24 cm?. 


(a) Use the RK4 method with h = 0.5 to complete the 
following table: 


t (days) 1 2 3 4 5 


A (observed) 2.78 13.53 36.30 47.50 49.40 


A (approximated) 


(b) Use a numerical solver to graph the solution of the 
initial-value problem. Estimate the values A(1), 
A(2), A(3), A(4), and A(5) from the graph. 

(c) Use separation of variables to solve the initial-value 
problem and compute the actual values A(1), A(2), 
A(3), A(4), and A(5). 


15. Consider the initial-value problem y' = x? + y?, y(1) = 1. 
See Problem 12 in Exercises 9.1. 


(a) Compare the results obtained from using the RK4 
method over the interval [1, 1.4] with step sizes 
h = 0.1 and h = 0.05. 


(b) Use a numerical solver to graph the solution of the 
initial-value problem on the interval [1, 1.4]. 
16. Consider the initial-value problem y' = 2y, y(0) = 1. 
The analytic solution is y(x) = e?*. 


(a) Approximate y(0.1) using one step and the RK4 
method. 


(b) Find a bound for the local truncation error in y;. 

(c) Compare the error in y, with your error bound. 

(d) Approximate y(0.1) using two steps and the RK4 
method. 

(e) Verify that the global truncation error for the RK4 
method is O(h*) by comparing the errors in parts (a) 
and (d). 

17. Repeat Problem 16 using the initial-value problem 
y ——2y +x, y(0)- 1. The analytic solution is 


1 bu o5 
y =x- tje”. 


*See V. A. Kostitzin, Mathematical Biology (London: Harrap, 1939). 


18. 


19. 
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Consider the initial-value problem y’ = 2x — 3y + 1, 
y(1) = 5. The analytic solution is 


i2 38 —3G6— 
ya) =o + Gxt Ge Ow. 


(a) Find a formula involving c and A for the local trunca- 
tion error in the nth step if the RK4 method is used. 


(b) Find a bound for the local truncation error in each 
step if h = 0.1 is used to approximate y(1.5). 


(c) Approximate y(1.5) using the RK4 method with 
h = 0.1 and h = 0.05. See Problem 3. You will need 
to carry more than six decimal places to see the effect 
of reducing the step size. 


Repeat Problem 18 for the initial-value problem y' = e”, 
y(O) =0. The analytic solution is y(x) = ln(x + 1). 
Approximate y(0.5). See Problem 7. 


Discussion Problems 


20. A count of the number of evaluations of the function f 


used in solving the initial-value problem y' = f(x, y), 
y(xo) = yo is used as a measure of the computational 
complexity of a numerical method. Determine the num- 
ber of evaluations of f required for each step of Euler's, 
the improved Euler's, and the RK4 methods. By consid- 
ering some specific examples, compare the accuracy of 
these methods when used with comparable computa- 
tional complexities. 


Computer Lab Assignments 


21. The RK4 method for solving an initial-value problem 


over an interval [a, b] results in a finite set of points that 
are supposed to approximate points on the graph of the 
exact solution. To expand this set of discrete points to 
an approximate solution defined at all points on the 
interval [a, b], we can use an interpolating function. 
This is a function, supported by most computer algebra 
systems, that agrees with the given data exactly and as- 
sumes a smooth transition between data points. These 
interpolating functions may be polynomials or sets of 
polynomials joined together smoothly. In Mathematica 
the command y=Interpolation[data] can be used to 
obtain an interpolating function through the points 
data = ((xo, yo}, (xi, Xib .... Xn Yn} )- The inter- 
polating function y[x] can now be treated like any other 
function built into the computer algebra system. 


(a) Find the analytic solution of the initial-value prob- 
lem y' = —y + 10 sin 3x; y(0) = 0 on the interval 
[0, 2]. Graph this solution and find its positive roots. 


(b) Use the RK4 method with h = 0.1 to approximate a 
solution of the initial-value problem in part (a). 
Obtain an interpolating function and graph it. Find 
the positive roots of the interpolating function of the 
interval [0, 2]. 
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Contributed Problem 


22. 


Layachi Hadji 
Associate Professor 
Mathematics Department 


An Energy Approach The University of Alabama 


to Spring/Mass Systems 
Consider a system consist- 
ing of a mass M connected to a spring of elastic constant 
k. We neglect any effects due to friction, and we assume 
that a constant force F acts on the mass. If the spring is 
elongated by an amount x(t), then the spring’s elastic 
energy is Esas = ix. This elastic energy may be 
converted to kinetic energy Ey, = ;M(dx/dt). The 
potential energy is E,,, = Fx. The conservation of energy 
principle implies that Esas + Ej, + Epot = constant, 
namely, 


1 fae. 1. 
M tk + Fx =C, 
2 \dt) 2 


where C is a constant denoting the total energy in the 
system. See Figure 9.2.2. 


(a) Consider the case of free motion, that is, set F = 0. 
Show that the motion of the spring/mass system, for 
which the initial position of the mass is x = 0, is 
described by the following first-order initial-value 
problem (IVP): 


d 2 
(2 + wx =C, x(0) =0, 
where w = Vk/M. 


(b) If we take the constant in part (a) to be C = 1, show 
that if you consider the positive square root, the IVP 


reduces to 
dy M eer 
g? 1= y, y(0) =0, (8) 


where y = wx. 


(c) Solve the IVP in part (b) by using either Euler’s 
method or the RK4 method. Use the numerical val- 
ues M = 3 kg for the mass and k = 48 N/m for the 
spring constant. 

(d) Notice that no matter how small you make your step 
size h, the solution starts at the point (0, 0) and in- 
creases almost linearly to the constant solution (x, 1). 
Show that the numerical solution is described by 


sinf, if0- t< 7/8, 
y(t) = ; 
l, — dft 7/8. 


Does this solution realistically depict the motion of 
the mass? 

(e) The differential equation (8) is separable. Separate 
the variables and integrate to obtain an analytic so- 
]ution. Does the analytic solution realistically depict 
the spring's motion? 

(f) Here is another way to approach the problem nu- 
merically. By differentiating both sides of (8) with 
respect to f, show that you obtain the second-order 
IVP with constant coefficients 

2 


d^y ; : 
ga 593-9 y(0) = 0, y’(O) = 1. 


(g) Solve the IVP in part (f) numerically using the RK4 
method and compare with the analytic solution. 


(h) Redo the above analysis for the case of forced mo- 
tion. Take F = 10N. 


4 k F 
BIA s 


—— X 


FIGURE 9.2.2  Spring/mass system 


9.3 MULTISTEP METHODS 


REVIEW MATERIAL 
e Sections 9.1 and 9.2 


only one such method here. 


INTRODUCTION  Euler's method, the improved Euler's method, and the Runge-Kutta methods 
are examples of single-step or starting methods. In these methods each successive value y,+1 is 
computed based only on information about the immediately preceding value y,. On the other hand, 
multistep or continuing methods use the values from several computed steps to obtain the value of 
Yn«1. There are a large number of multistep method formulas for approximating solutions of DEs, 
but since it is not our intention to survey the vast field of numerical procedures, we will consider 
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ADAMS-BASHFORTH-MOULTON METHOD The multistep method that is 
discussed in this section is called the fourth-order Adams-Bashforth-Moulton 
method. Like the improved Euler’s method it is a predictor-corrector method—that 
is, one formula is used to predict a value Yat 1, which in turn is used to obtain a cor- 
rected value y„+1. The predictor in this method is the Adams-Bashforth formula 


h 
Yr = Yn F 54 69» = a T 3795-4 d 9y, 3), (1) 
Vn = fte Ya) 
P = I Opa Vad 


Yn-2 = I Ops Yn-2) 


Yn-5 = This Yn-3) 


for n = 3. The value of y*,, is then substituted into the Adams-Moulton corrector 


h 
Yn+1 = Yn " —03 + 19y, _ 23:4 3 Pa) 
24 (2) 


Yasi = Fri Wah 


Notice that formula (1) requires that we know the values of yo, y1, y2, and y3 to 
obtain y4. The value of yo is, of course, the given initial condition. The local trunca- 
tion error of the Adams-Bashforth-Moulton method is O(h’ ), the values of y1, y2, and 
y3 are generally computed by a method with the same error property, such as the 
fourth-order Runge-Kutta method. 


I EXAMPLE 1  Adams-Bashforth-Moulton Method 


Use the Adams-Bashforth-Moulton method with h = 0.2 to obtain an approximation 
to y(0.8) for the solution of 


y=xt+y-1, y@O)=1. 
SOLUTION With a step size of A = 0.2, y(0.8) will be approximated by y4. To get 
started, we use the RK4 method with xo = 0, yo = 1, and h = 0.2 to obtain 


y, = 1.02140000, y» = 1.09181796, y, = 1.22210646. 


Now with the identifications x9 — 0, x; =0.2, x2— 0.4, x3= 0.6, and 
f(x,y) =x * y — 1, we find 

yo = fG Yo) = (0) + (01-0 

y, =f, yj) = (0.2) + (1.02140000) — 1 = 0.22140000 

y5 = f(x, y2) = (0.4) + (1.09181796) — 1 = 0.49181796 

y5 = f(%3, y3) = (0.6) + (1.22210646) — 1 = 0.82210646. 


With the foregoing values the predictor (1) then gives 


0.2 
yä = ya + zg GSys — 59y + 37yi — 90) = 142535975. 


To use the corrector (2), we first need 


y4 =f (a, y$) = 0.8 + 1.42535975 — 1 = 1.22535975. 
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Finally, (2) yields 


0.2 
y4 = y3 + 54 O% + 19y; — 5y + y) = 1.42552788. a 


You should verify that the actual value of y(0.8) in Example 1 is 
y(0.8) = 1.42554093. See Problem 1 in Exercises 9.3. 


STABILITY OF NUMERICAL METHODS An important consideration in using 
numerical methods to approximate the solution of an initial-value problem is the sta- 
bility of the method. Simply stated, a numerical method is stable if small changes in 
the initial condition result in only small changes in the computed solution. A numer- 
ical method is said to be unstable if it is not stable. The reason that stability consid- 
erations are important is that in each step after the first step of a numerical technique 
we are essentially starting over again with a new initial-value problem, where the 
initial condition is the approximate solution value computed in the preceding step. 
Because of the presence of round-off error, this value will almost certainly vary at 
least slightly from the true value of the solution. Besides round-off error, another 
common source of error occurs in the initial condition itself; in physical applications 
the data are often obtained by imprecise measurements. 

One possible method for detecting instability in the numerical solution of a spe- 
cific initial-value problem is to compare the approximate solutions obtained when 
decreasing step sizes are used. If the numerical method is unstable, the error may 
actually increase with smaller step sizes. Another way of checking stability is to 
observe what happens to solutions when the initial condition is slightly perturbed (for 
example, change y(0) = 1 to y(0) = 0.999). 

For a more detailed and precise discussion of stability, consult a numerical 
analysis text. In general, all of the methods that we have discussed in this chapter 
have good stability characteristics. 


ADVANTAGES AND DISADVANTAGES OF MULTISTEP METHODS Many 
considerations enter into the choice of a method to solve a differential equation 
numerically. Single-step methods, particularly the RK4 method, are often chosen 
because of their accuracy and the fact that they are easy to program. However, a 
major drawback is that the right-hand side of the differential equation must be eval- 
uated many times at each step. For instance, the RK4 method requires four function 
evaluations for each step. On the other hand, if the function evaluations in the 
previous step have been calculated and stored, a multistep method requires only 
one new function evaluation for each step. This can lead to great savings in time and 
expense. 

As an example, solving y' = f(x, y), yo) = yo numerically using n steps by the 
fourth-order Runge-Kutta method requires 4n function evaluations. The Adams- 
Bashforth multistep method requires 16 function evaluations for the Runge-Kutta 
fourth-order starter and n — 4 for the n Adams-Bashforth steps, giving a total of 
n + 12 function evaluations for this method. In general the Adams-Bashforth multi- 
step method requires slightly more than a quarter of the number of function evalua- 
tions required for the RK4 method. If the evaluation of f(x, y) is complicated, the 
multistep method will be more efficient. 

Another issue that is involved with multistep methods is how many times the 
Adams-Moulton corrector formula should be repeated in each step. Each time 
the corrector is used, another function evaluation is done, and so the accuracy is 
increased at the expense of losing an advantage of the multistep method. In prac- 
tice, the corrector is calculated once, and if the value of y,..; is changed by a large 
amount, the entire problem is restarted using a smaller step size. This is often 
the basis of the variable step size methods, whose discussion is beyond the scope 
of this text. 
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EXERCISES 9.3 Answers to selected odd-numbered problems begin on page ANS-16. 


1. Find the analytic solution of the initial-value problem in In Problems 5-8 use the Adams-Bashforth-Moulton method 


Example 1. Compare the actual values of y(0.2), y(0.4), 
y(0.6), and y(0.8) with the approximations yi, y». ys, and ya. 


to approximate y(1.0), where y(x) is the solution of the given 
initial-value problem. First use h = 0.2 and then use h = 0.1. 


2. Write a computer program to implement the Adams- Use the RK4 method to compute yj, y», and y3. 


Bashforth-Moulton method. 


5. y'—1-4y^ y0)=0 


In Problems 3 and 4 use the Adams-Bashforth-Moulton 
method to approximate y(0.8), where y(x) is the solution of 6. y =y+cosx, y(0)=1 
the given initial-value problem. Use h = 0.2 and the RK4 


method to compute y1, y2, and y3. 


3. y 22x - y +1, 
4. y'= 4x — 2y, 


7T. y -&- »», y(0-0 


xy + Vy, y(0)=1 
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HIGHER-ORDER EQUATIONS AND SYSTEMS 


REVIEW MATERIAL 
e Section 1.1 (normal form of a second-order DE) 


e Section 4.9 (second-order DE written as a system of first-order DEs) 


INTRODUCTION So far, we have focused on numerical techniques that can be used to approximate 
the solution of a first-order initial-value problem y' = f(x, y), y(xo) = yo. In order to approximate the so- 
lution of a second-order initial-value problem, we must express a second-order DE as a system of two first- 
order DEs. To do this, we begin by writing the second-order DE in normal form by solving for y” in terms 


SECOND-ORDER IVPs A second-order initial-value problem 


y'-fG yy) yO) = yo YQ) = uo (1) 


can be expressed as an initial-value problem for a system of first-order differen- 
tial equations. If we let y' = u, the differential equation in (1) becomes the system 


$ 


y 
u' = f(x, y, u). 
Since y'(xo) = u(x), the corresponding initial conditions for (2) are then y(xo) = yo, 
u(Xo) = uo. The system (2) can now be solved numerically by simply applying a par- 
ticular numerical method to each first-order differential equation in the system. For 
example, Euler's method applied to the system (2) would be 


u 


(2) 


n = n F h Un 

Yn+1 J! (3) 
Un+) — Uy ae hf (Xn, Yn» Un)» 

whereas the fourth-order Runge-Kutta method, or RK4 method, would be 


h 
Yai = Yp F gum + 2m, + 2m3 m) 

(4) 
Un+1 — Un + s T 2k, F 2k F k4) 
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Euler’s method 


RK4 method 
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(a) Euler’s method (red) and the 
RK4 method (blue) 
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(b) RK4 method 
FIGURE 9.4.1 Numerical solution 


curves generated by different methods 


CHAPTER 9 NUMERICAL SOLUTIONS OF ORDINARY DIFFERENTIAL EQUATIONS 


where m, = u, kı = fO Yn» Un 


m, = u, + ihk; ky = (x, + zh, Yn + thm, u.c ink) 


ma = Un sh ;hk; kz is ki jh, Yn T shim, Uy, P lhk) 


m, = u, + hk, ky = f(x, + h,y, + hms,u, + hk). 


In general, we can express every nth-order differential equation 
y? = f(x, y, y’,..., y" P) as a system of n first-order equations using the 
substitutions y = ui, y' = u2, y" = ua, ..., y? = up. 


| EXAMPLE 1 Euler’s Method 


Use Euler's method to obtain the approximate value of y(0.2), where y(x) is the 
solution of the initial-value problem 


y't*txy +y=0, yO)=1, y'(0)-2. (5) 


SOLUTION In terms of the substitution y' — u, the equation is equivalent to the 
system 


ue = —Xu = y. 


Thus from (3) we obtain 


Yn+1 T Yn + hu, 


Wc] = Un H h[ Xy Yal- 
Using the step size h = 0.1 and yo = 1, uo = 2, we find 
yı = yo + (0.1)u = 1 + (0.1)2 = 1.2 


u, = ug + (0.1) [xou — Yo] = 2 + (.D[- (00) — 1] = 1.9 


yo» = y, + O.Du, = 1.2 + (0.1)(1.9) = 1.39 
Uy = u, + (0.1)[—x,u, — yı] = 1.9 + (0.D[-(0.1)(1.9) — 1.2] = 1.761. 
In other words, y(0.2) = 1.39 and y'(0.2) = 1.761. [| 


With the aid of the graphing feature of a numerical solver, in Figure 9.4.1(a) we 
compare the solution curve of (5) generated by Euler's method (h = 0.1) on the 
interval [0, 3] with the solution curve generated by the RK4 method (h = 0.1). From 
Figure 9.4.1(b) it appears that the solution y(x) of (4) has the property that y(x) — 0 
and x — oc. 

If desired, we can use the method of Section 6.1 to obtain two power series 
solutions of the differential equation in (5). But unless this method reveals that the DE 
possesses an elementary solution, we will still only be able to approximate y(0.2) using 
a partial sum. Reinspection of the infinite series solutions of Airy's differential equa- 
tion y" + xy = 0, given on page 226, does not reveal the oscillatory behavior of the 
solutions y; (x) and y»(x) exhibited in the graphs in Figure 6.1.2. Those graphs were 
obtained from a numerical solver using the RK4 method with a step size of h = 0.1. 


SYSTEMS REDUCED TO FIRST-ORDER SYSTEMS Using a procedure similar 
to that just discussed for second-order equations, we can often reduce a system of 
higher-order differential equations to a system of first-order equations by first solv- 
ing for the highest-order derivative of each dependent variable and then making 
appropriate substitutions for the lower-order derivatives. 
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| EXAMPLE 2 A System Rewritten as a First-Order System 


Write x" — x + 5x + 2y" = e 
—2x + y” + 2y = 3P 


as a system of first-order differential equations. 


SOLUTION Write the system as 
x" + 2y" =e —5x4+ x’ 
y" =3P + 2x — 2y 


and then eliminate y” by multiplying the second equation by 2 and subtracting. This 
gives 


x" = —9x + 4y + x' + el — 6F. 


Since the second equation of the system already expresses the highest-order derivative of 
y in terms of the remaining functions, we are now in a position to introduce new vari- 
ables. If we let x’ = u and y' = v, the expressions for x” and y" become, respectively, 


u' = x" = —9x + 4y + u + æ — 6? 
y! = y" = 2x = 2y + 3f. 


The original system can then be written in the form 


x =u 

y =v 

u' = —9x + 4y +u + e — 6r 

y! = 2x — 2y + 3r. El 


It might not always be possible to carry out the reductions illustrated in Example 2. 


NUMERICAL SOLUTION OF A SYSTEM The solution of a system of the form 


dx, 
p = fi(t.xi x», ewe X) 
dx» 
ae = h(t, X1, X2, one Xn) 
dx 
2 = fí(t.x1 X2, DECRE: Xn) 


can be approximated by a version of Euler’s, the Runge-Kutta, or the 
Adams-Bashforth-Moulton method adapted to the system. For instance, the 
RK4 method applied to the system 

x' = f(t, x, y) 

y' = g(t, x, y) (6) 

X(fo) = Xo, (fo) = yo. 

looks like this: 

h 

XQ44 = x, + -(n, + 2m, + 2m4 + m) 


n (7) 


h 
dej =e PA + 2k, t 2k + k4), 
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where 
mı ejus Vn) kı z SG ays Yn) 
m = fit, + th, Xn + $ hm, Yn + lhk) k, = elt, + Sh, Xn sb Ihm, yn + lhk) 
1 1 1 1 1 1 (8) 
ma = ft, Thx, 5m. y, lhk) k; = elt, + ty Fs m thk) 
m, = f(t, + h, x, + hm, y, + hk) ky = g(t, + h,x, + hm, y, + hk). 


i EXAMPLE 3 RK4 Method 


Consider the initial-value problem 


x' =2x+ 4y 


y = —x + 6y 
x(0) = -1, y(0) = 6. 


Use the RK4 method to approximate x(0.6) and y(0.6). Compare the results for 
h — 0.2 and h = 0.1. 


SOLUTION We illustrate the computations of x, and y, with step size A = 0.2. With 
the identifications f(t, x, y) = 2x + 4y, g(t, x, y) = —x + 6y, to = 0, xo = —1, and 
yo = 6 we see from (8) that 


m, = f(to, Xo, yo) = f(0, —1, 6) = 2(—1) + 4(6) = 22 


ki = gto, Xo, Yo) = g(0, —1, 6) = —1(—1) + 6(6) = 37 
TABLE 9.8 h=0.2 


m = f(t + 1h, xy + thmi, yo + 4hk,) = fO.1, 1.2, 9.7) = 41.2 


tn Xn Yn 
0.00 —1.0000 6.0000 ky = g(ty + ih xo + thmi, yo + 4hk,) = g(0.1, 1.2, 9.7) = 57 
0.20 9.2453 19.0683 
0.40 46.0327 55.1203 ms = f(t + 1h, xy + Ahm, yo + Ahk) = f(0.1, 3.12, 11.7) = 53.04 
0.60 158.9430 150.8192 


ks = g(t + Łh, xo + tAm, yo + thk) = g(0.1, 3.12, 11.7) = 67.08 
m, =f (ty + h, x + hm, yo + hkz) = f(0.2, 9.608, 19.416) = 96.88 


ky = g(to + h, xo + hm, yo + hk) = g(0.2, 9.608, 19.416) = 106.888. 


Therefore from (7) we get 
TABLE 9.9 h=0.1 


tn Xn Yn 0 2 
0.00 —1.0000 6.0000 Xi = Xo +- 0m + 2m, + 2m, + m) 
0.10 2.3840 10.8883 
0.20 9.3379 19.1332 __, , 0.2 i 
gan 33 8541 39 8530 =-] + 6 (22 + 2(41.2) + 2(53.04) + 96.88) = 9.2453 
0.40 46.5103 55.4420 » 
0.50 88.5729 93.3006 _ 

= yy + —(k, + 2k, + 2k, k 

0.60 160.7563 152.0025 n= Yo +E h ? 3 + ky) 


0.2 
=6+ Pu + 2(57) + 2(67.08) + 106.888) = 19.0683, 
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where, as usual, the computed values of x; and y; are rounded to four decimal 
places. These numbers give us the approximation x, = x(0.2) and y, = y(0.2). The 
subsequent values, obtained with the aid of a computer, are summarized in 
Tables 9.8 and 9.9. a 


You should verify that the solution of the initial-value problem in Example 3 is 
given by x(t) = (26t — 1)e*, y(t) = (134 + 6)e*'. From these equations we see that 
the actual values x(0.6) = 160.9384 and y(0.6) = 152.1198 compare favorably with 
the entries in the last line of Table 9.9. The graph of the solution in a neighborhood 
of t = 0 is shown in Figure 9.4.2; the graph was obtained from a numerical solver 
using the RK4 method with h = 0.1. 


FIGURE 9.4.2 Numerical solution 


curves for IVP in Example 3 


In conclusion, we state Euler’s method for the general system (6): 


Xn+1 = Xn + hf(t,, Xn» Yn) 


Yn+1 — Yn T IAE Yn) 
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1. 


Use Euler’s method to approximate y(0.2), where y(x) is 
the solution of the initial-value problem 


y"—4y' +4y=0, y(0)— —2, y'(0)— I. 


Use h = 0.1. Find the analytic solution of the problem, 
and compare the actual value of y(0.2) with y2. 


. Use Euler's method to approximate y(1.2), where y(x) is 


the solution of the initial-value problem 
xy" —2xy!' -2y 20, y(1) 24, yd)=9, 
where x > 0. Use h = 0.1. Find the analytic solution of 


the problem, and compare the actual value of y(1.2) 
with y». 


In Problems 3 and 4 repeat the indicated problem using the 
RK4 method. First use h = 0.2 and then use h = 0.1. 


3. 
4. 
5. 


Problem 1 
Problem 2 


Use the RK4 method to approximate y(0.2), where y(x) 
is the solution of the initial-value problem 


where 7;(0) = 0 and i3(0) = 0. Use the RK4 method to 
approximate i4(f) and is(f) at t = 0.1, 0.2, 0.3, 0.4, and 
0.5. Use h = 0.1. Use a numerical solver to graph the 
solution for 0 = ft = 5. Use the graphs to predict the 
behavior of i;(f) and i3(t) as t — oc. 


FIGURE 9.4.3 Network in Problem 6 


In Problems 7-12 use the Runge-Kutta method to approxi- 
mate x(0.2) and y(0.2). First use A = 0.2 and then use 


h= 


0.1. Use a numerical solver and h = 0.1 to graph the so- 


lution in a neighborhood of t = 0. 


y" — 2y' + 2y = écost, y(0)— 1, y'(0)- 2. 7. x! 2 2x - y 8. x’ =x + 2y 
First use h = 0.2 and then use h = 0.1. Y TA y = 4x + 3y 
x(0) = 6, y(0)=2 x(0)=1, y(0)—1 
. When E = 100 V, R= 10 Q, and L = 1h, the sys- 

tem of differential equations for the currents i, (t) and 9.x) =-y+t 10. x' =6x+y+6t 

i4(t) in the electrical network given in Figure 9.4.3 is y =x-t y' 2 Ax + 3y — 10t - 4 
di x(0) = —3, y(0)—5 x(0) = 0.5, y(0) = 0.2 
E = —20i, + 10i, + 100 

11. x + 4x — y' 2 7t 12. x'+ y'— At 

di NE — 20i x+y —2y = 3t —x'+y'+y=6r+ 10 
dt f a x(0)=1, y(0) = -2 x(0) = 3, y(0)2-1 
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SECOND-ORDER BOUNDARY-VALUE PROBLEMS 


REVIEW MATERIAL 


e Section 4.1 (page 119) 

e Exercises 4.3 (Problems 37-40) 

e Exercises 4.4 (Problems 37-40) 

e Section 5.2 

INTRODUCTION We just saw in Section 9.4 how to approximate the solution of a second- 
order initial-value problem 


y" =f(x,y,y'), y(xo) yo y'Go) = uo. 


In this section we are going to examine two methods for approximating a solution of a second- 
order boundary-value problem 


y"=f(x,y,y'), ya=a, y(b)-B. 


Unlike the procedures that are used with second-order initial-value problems, the methods of 
second-order boundary-value problems do not require writing the second-order DE as a system 
of first-order DEs. 


FINITE DIFFERENCE APPROXIMATIONS The Taylor series expansion, 


centered at a point a, of a function y(x) is 


= = 2 — 3 
- T ro” ~ ye? "s 


yQ) = y(a) + y'(a) 


If we set h = x — a, then the preceding line is the same as 


a, I h n h? m h? 
ye) = yla) ay ey a) tY Oii ee 


For the subsequent discussion it is convenient then to rewrite this last expression in 


two alternative forms: 
n h? 
yx + h) = y@) + y'@)A + y"Qo) 5 + y"(x) 6 ose 


n? h? 
and yx —-h)- y(x) = y'G)h + "Oy _ "(m peis, 


If h is small, we can ignore terms involving A^, h5, . . . since these values are negligi- 
ble. Indeed, if we ignore all terms involving h? and higher, then solving (1) and (2), 


in turn, for y'(x) yields the following approximations for the first derivative: 
; 1 
yi) =F DG + h) — yol 


1 
y'() ~ ;, 09 — y — AI 


Subtracting (1) and (2) also gives 


y'Q) ~ — Ly@ + h) — yx — h)]. 


9.5 SECOND-ORDER BOUNDARY-VALUE PROBLEMS ° 359 


On the other hand, if we ignore terms involving h? and higher, then by adding (1) and 
(2), we obtain an approximation for the second derivative y" (x): 


1 
y"@) = pe Ly +h) — 2y0) + y(x — B). (6) 


The right-hand sides of (3), (4), (5), and (6) are called difference quotients. The 
expressions 


ya +h)—y@), ya) =y- h), ya +h) — yx — h), 
and y(x + h) — 2y(x) + yx — A) 


are called finite differences. Specifically, y(x + A) — y(x) is called a forward 
difference, y(x) — y(x — h) is a backward difference, and both y(x + h) — y(x — h) 
and y(x + h) — 2y(x) + y(x — h) are called central differences. The results given in 
(5) and (6) are referred to as central difference approximations for the derivatives 
y' and y". 


FINITE DIFFERENCE METHOD Consider now a linear second-order boundary- 
value problem 


y" + PCOy' + QQ)y =f@), y@=a, y(b) — B. (7) 
Suppose a = xj < x, < x4 <-+++<x,_,; X x, = b represents a regular partition of 
the interval [a, b], that is, x; = a + ih, where i = 0, 1,2, ..., nand h = (b — a)/n. 
The points 
x= ath, Xx =a + 2h,..., xX, =at(n- 1)A 


are called interior mesh points of the interval [a, b]. If we let 
y; = y), P; = P(x), Q; = Qx), and fi = fæ) 


and if y" and y' in (7) are replaced by the central difference approximations (5) and (6), 
we get 


Vier — 2yi + yia Yi+1ı 7 Yi-1 
4 P, +0y =f 
h2 i 2h Q;Yi Si 
or, after simplifying, 
5 a du ETE Er 
1 tři Md F OM aes O;)y; + 1 2^1 Yi-1 hf. (8) 


The last equation, known as a finite difference equation, is an approximation 
to the differential equation. It enables us to approximate the solution y(x) of (7) 


at the interior mesh points xj, xo, ... , X,—1 of the interval [a, b]. By letting i 
take on the values 1, 2,..., n — 1 in (8), we obtain n — 1 equations in the n — 1 
unknowns yj, yo,....ya-1. Bear in mind that we know yo and y,, since 


these are the prescribed boundary conditions yo = y(xo) = y(a) - «a. and 


Yn = Yn) = y(b) = B. 
In Example 1 we consider a boundary-value problem for which we can compare 
the approximate values that we find with the actual values of an explicit solution. 


l EXAMPLE 1 Using the Finite Difference Method 


Use the difference equation (8) with n = 4 to approximate the solution of the 
boundary-value problem y" — 4y = 0, y(0) = 0, y(1) = 5. 
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SOLUTION To use (8) we identify P(x)-—-0, Q(x) = —4, f@) =0, and 
h=(1-0)/4= i. Hence the difference equation is 


yii — 2.25y; + yj-1 = 0. (9) 


Now the interior points are x, =O+ i x,70- Z, x =0+ 3, so for 
i= 1, 2, and 3, (9) yields the following system for the corresponding yi, yo, 
and y3: 


y — 2.25y, +y = 0 
y — 2.25y ty, = 0 
y4 — 2.25 y3 + y, = 0. 
With the boundary conditions yo = 0 and y4 = 5 the foregoing system becomes 
—2.25y, + y2 = 
yı — 2.25y2 + y3 =0 
y2 7 2.25y3 =—5. 
Solving the system gives y, = 0.7256, y2 = 1.6327, and y3 = 2.9479. 

Now the general solution of the given differential equation is y = cı cosh 2x + 
c2 sinh 2x. The condition y(0) = 0 implies that c; = 0. The other boundary condition 
gives c». In this way we see that a solution of the boundary-value problem is 
y(x) = (5 sinh 2x) /sinh 2. Thus the actual values (rounded to four decimal places) of 


this solution at the interior points are as follows: y(0.25) = 0.7184, y(0.5) = 1.6201, 
and y(0.75) — 2.9354. E 


The accuracy of the approximations in Example 1 can be improved by using a 
smaller value of h. Of course, the trade-off here is that a smaller value of h necessitates 
solving a larger system of equations. It is left as an exercise to show that with h = i, ap- 
proximations to y(0.25), y(0.5), and y(0.75) are 0.7202, 1.6233, and 2.9386, respec- 
tively. See Problem 11 in Exercises 9.5. 


I EXAMPLE 2 Using the Finite Difference Method 


Use the difference equation (8) with n — 10 to approximate the solution of 
y" + 3y' + 2y = 4x7, yl) =1, y(2)=6. 
SOLUTION In this case we identify P(x) = 3, Q(x) =2, f(x) = 4x7, and 
h = (2 — 1)/10 = 0.1, and so (8) becomes 
1.15 y,,,; — 1.98y; + 0.85y;-; = 0.04x?. (10) 


Now the interior points are x; = 1.1, x2 = 1.2, x3 = 1.3, x4 = 1.4, x5 = 1.5, x6 = 1.6, 
x7 = 1.7, xg = 1.8, and xo = 1.9. For i = 1, 2,...,9 and yo = 1, yio = 6, (10) gives a 
system of nine equations and nine unknowns: 


L.15y, — 1.98y, = — 0.8016 
1.15y; — 1.98y, + 0.85y, = 0.0576 
1.15y4 — 1.98y, + 0.85y, = 0.0676 
1.15y; — 1.98y, + 0.85y, = 0.0784 
1.15y¢ — 1.98y; + 0.85y, = 0.0900 
1.15y; — 1.98y + 0.85y; = 0.1024 
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1.15yg — 1.98y; + 0.85y, = 0.1156 
L.15yy — 1.98y + 0.85y, = 0.1296 
— 1.98y, + 0.85 ys = —6.7556. 


We can solve this large system using Gaussian elimination or, with relative ease, 
by means of a computer algebra system. The result is found to be y; = 2.4047, 
ya = 3.4432, y3 = 4.2010, y4 = 4.7469, ys = 5.1359, yg = 5.4124, y, = 5.6117, 
ys = 5.7620, and yo = 5.8855. a 


SHOOTING METHOD Another way of approximating a solution of a boundary- 
value problem y" = f(x, y, y’), y(a) = a, y(b) = B is called the shooting method. 
The starting point in this method is the replacement of the boundary-value problem 
by an initial-value problem 


y=fayy), ya) =a, y(a=m. (1) 


The number m; in (11) is simply a guess for the unknown slope of the solution curve at 
the known point (a, y(a)). We then apply one of the step-by-step numerical techniques 
to the second-order equation in (11) to find an approximation £; for the value of y(b). If 
P1 agrees with the given value y(b) = f to some preassigned tolerance, we stop; other- 
wise, the calculations are repeated, starting with a different guess y'(a) = mz to obtain 
a second approximation B» for y(b). This method can be continued in a trial-and-error 
manner, or the subsequent slopes m3, m4, . . . can be adjusted in some systematic way; 
linear interpolation is particularly successful when the differential equation in (11) is 
linear. The procedure is analogous to shooting (the “aim” is the choice of the initial 
slope) at a target until the bull’s-eye y(b) is hit. See Problem 14 in Exercises 9.5. 

Of course, underlying the use of these numerical methods is the assumption, 
which we know is not always warranted, that a solution of the boundary-value prob- 
lem exists. 


REMARKS 


The approximation method using finite differences can be extended to boundary- 
value problems in which the first derivative is specified at a boundary—for 
example, a problem such as y" = f(x, y, y’), y'(a) = a, y(b) = B. See Problem 13 
in Exercises 9.5. 
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In Problems 1—10 use the finite difference method and the 


8. xy —xy ty-lnx y(120,y2)—25-2; n=8 


indicated value of n to approximate the solution of the given 


boundary-value problem. 


. y”+9y=0, y(0024yQ)- 1; 
. y"=y=x°, y0)20,y1) = 0; 


9. y' *t(1- 3xy' -xy-x y(0-—0,y0)-2; n=10 


n4 10. y" -xy' -y 2x y(0)=1,y)=0; n=10 
n=4 11. Rework Example | using n = 8. 
y(0) = 0, yd) = 0; n=5 12. The electrostatic potential u between two concentric 


1 
2 
3. y" + 2y' ty =5x, 
4 
5 


.y"—10y' + 25y=1, y(0-21Ly(1)20; n=5 


. y" — 4y! + 4y = (x + De”, 
y0-—3,*D-0 n=6 


. y” + 5y =4Vx, y(D 21, y2)=—-1; n=6 
xy" + 3xy'+ 3y=0, yd) =5,y(2)=0; n=8 


spheres of radius r = 1 and r = 4 is determined from 


AE (1) = 50 (4) = 100 
d? rdr nM poke ` 


Use the method of this section with n = 6 to approxi- 
mate the solution of this boundary-value problem. 
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13. Consider the boundary-value problem y" + xy = 0, 
y 0) =1,y()= =1. 

(a) Find the difference equation corresponding to the 

differential equation. Show that for i = 0, 1, 2,..., 

n — | the difference equation yields n equations in 


(c) Use n = 5 and the system of equations found in 
parts (a) and (b) to approximate the solution of the 
original boundary-value problem. 


Computer Lab Assignments 


n + 1 unknows y-1, yo, Yis Y2» -+ +> dede Here y-, 14. Consider the boundary-value problem y" — y' — sin (xy), 
and Yo are unknowns, Pince: Yaj represents an y(0) = 1, y(1) = 1.5. Use the shooting method to approx- 
approximation to y at the exterior point x = —h and imate the solution of this problem. (The approximation 


Yo is not specified at x = 0. can be obtained using a numerical technique— say, the 


(b) Use the central difference approximation (5) to 
show that y; — y-; = 2h. Use this equation to elim- 
inate y_; from the system in part (a). 


RK4 method with A = 0.1; or, even better, if you have 
access to a CAS such as Mathematica or Maple, the 
NDSolve function can be used.) 
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6. Use the Adams-Bashforth-Moulton method to approxi- 
mate y(0.4), where y(x) is the solution of the initial- 
value problem y' = 4x — 2y, y(0) = 2. Use h=0.1 
and the RK4 method to compute y1, y2, and y3. 


In Problems 1—4 construct a table comparing the indicated 
values of y(x) using Euler's method, the improved Euler's 
method, and the RK4 method. Compute to four rounded dec- 
imal places. First use h = 0.1 and then use h = 0.05. 


7. Use Euler’s method with h = 0.1 to approximate x(0.2) 
and y(0.2), where x(t), y(t) is the solution of the initial- 
value problem 


1. y =2Inxy, yl) =2; 
y(1.1), y(1.2), y(1.3), y(1.4), y(1.5) 


2. y'= sinx? + cosy’, y(0) = 0; 


y(0.1), y(0.2), y(0.3), y(0.4), y(0.5) a cay 
3. y' = Vx Fc y, y(0.5) = 0.5; y cas 


(0.6), y (0.7), (0.8), (0.9), (1.0) x(0)=1, — y(0-22. 


4. y 2xyty yD-l 
y(1.1), y(1.2), y(1.3), y (1.4), y(1.5) 


5. Use Euler's method to approximate y(0.2), where 
y(x) is the solution of the initial-value problem 
y'"— Qx t Dy 7 1, y(0) = 3, y'(0) = I. First use 
one step with h = 0.2 and then repeat the calculations 
using two steps with h = 0.1. 


8. Use the finite difference method with n= 10 to 
approximate the solution of the boundary-value problem 
y" + 6.55(1 + x)y = 1, y(0) = 0, y(1) = 0. 


PLANE AUTONOMOUS SYSTEMS 


10.1 Autonomous Systems 

10.2 Stability of Linear Systems 

10.3 Linearization and Local Stability 

10.4 Autonomous Systems as Mathematical Models 
CHAPTER 10 IN REVIEW 


in a aM 


Se 


E eee 


i ei. ene ee ECOL LL 


In Chapter 8 we used matrix techniques to solve systems of linear first-order 
differential equations of the form X’ = AX + F(r). When a system of differential 
equations is not linear, it is usually not possible to find solutions in terms of 
elementary functions. In this chapter we will demonstrate that valuable information 
on the geometric nature of the solutions of systems can be obtained by first 
analyzing special constant solutions, obtained from critical points of the system, 
and by searching for periodic solutions. The important concepts of stability will be 


introduced and illustrated with mathematical models from physics and ecology. 
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10.1 


AUTONOMOUS SYSTEMS 


REVIEW MATERIAL 
e A rereading of pages 37—41 in Section 2.1 is highly recommended. 


INTRODUCTION We introduced the notions of autonomous first-order DEs, critical points of 
an autonomous DE, and the stability of a critical point in Section 2.1. This earlier consideration 
of stability was purposely kept at a fairly intuitive level; it is now time to give the precise definition 
of this concept. To do this, we need to examine autonomous systems of first-order DEs. In this 
section we define critical points of autonomous systems of two first-order DEs; the autonomous 
systems can be linear or nonlinear. 


AUTONOMOUS SYSTEMS A system of first-order differential equations is said 
to be autonomous when the system can be written in the form 


dx, 

S CT ds dae pM. 

dt gi. X» ) 

dx» ( j 

Z C EAX Xn Xs 

dt §2\X1, X2 d 
dx, 

dt = Pi TE px. 


Observe that the independent variable f does not appear explicitly on the right-hand 
side of each differential equation. Compare (1) with the general system given in (2) 
of Section 8.1. 


| EXAMPLE 1 A Nonautonomous System 


The system of nonlinear first-order differential equations 


t dependence 


dx 

— 2x 3a + r? 
dt 

dx . 

— = tx, sin X5 

dt 


L t dependence 


is not autonomous because of the presence of ¢ on the right-hand sides of 
both DEs. a 


NOTE When n = 1 in (1), a single first-order differential equation takes on the 
form dx/dt — g(x). This last equation is equivalent to (1) of Section 2.1 with the 
symbols x and f playing the parts of y and x, respectively. Explicit solutions can be 
constructed, since the differential equation dx/dt = g(x) is separable, and we will 
make use of this fact to give illustrations of the concepts in this chapter. 


SECOND-ORDER DE AS A SYSTEM Any second-order differential equation 
x" — g(x, x') can be written as an autonomous system. As we did in Section 4.9, 
if we let y = x’, then x" = g(x, x’) becomes y' = g(x, y). Thus the second-order 
differential equation becomes the system of two first-order equations 

x =y 


y' = g(x, y). 
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| EXAMPLE 2 The Pendulum DE as an Autonomous System 


In (6) of Section 5.3 we showed that the displacement angle 0 for a pendulum 


satisfies the nonlinear second-order differential equation 
dO g 
— + —sin 0 — 0. 

di l 


If we let x = 0 and y = 0’, this second-order differential equation can be rewritten as 
the autonomous system 


NOTATION If X(r) and g(X) denote the respective column vectors 


x(t) [416 2 2E 

xxt) 82x31, X5, .. Kn) 
Xx®O=|: h soa i , 

X(t) gy. X2, ster Xn) 


then the autonomous system (1) may be written in the compact column vector form 
X' = g(X). The homogeneous linear system X' = AX studied in Section 8.2 is an 
important special case. 

In this chapter it is also convenient to write (1) using row vectors. If we let 
X(t) = Gut), x2(0. .... Xn() and 


g(X) E (gi(xi, X2... Xn). go(xi. Xo, m Xa). t5 gii. X2,... »Xn)), 


then the autonomous system (1) may also be written in the compact row vector form 
X' = g(X). It should be clear from the context whether we are using column or row 
vector form; therefore we will not distinguish between X and X", the transpose of X. 
In particular, when n = 2, it is convenient to use row vector form and write an initial 
condition as X(0) = (xo, yo). 

When the variable f is interpreted as time, we can refer to the system of differen- 
tial equations in (1) as a dynamical system and a solution X(t) as the state of the 
system or the response of the system at time t. With this terminology a dynamical 
system is autonomous when the rate X'(r) at which the system changes depends 
only on the system's present state X(t). The linear system X’ = AX + F(t) studied 
in Chapter 8 is then autonomous when F(?) is constant. In the case n = 2 or 3 we can 
call a solution a path or trajectory, since we may think of x = x1(t), y = x»(t), and 
z = x3(t) as the parametric equations of a curve. 


VECTOR FIELD INTERPRETATION When 7 = 2, the system in (1) is called a 
plane autonomous system, and we write the system as 


S = Pixy) 

p Q) 
dy _ 

a O(x, y). 


The vector V(x, y) = (P(x, y), Q(x, y)) defines a vector field in a region 
of the plane, and a solution to the system may be interpreted as the resulting 
path of a particle as it moves through the region. To be more specific, let 
V(x, y) = (P(x, y), Q(x, y)) denote the velocity of a stream at position (x, y), and 
suppose that a small particle (such as a cork) is released at a position (xo, yo) in the 
stream. If X(t) = (x(t), y(t)) denotes the position of the particle at time f, then 
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FIGURE 10.1.1 Vector field of a fluid 
flow around a circular cylinder 


X(0) 1 


(a) (b) 
FIGURE 10.1.2 Curve in (a) is called 


an arc. 


X(0) 


FIGURE 10.1.3 Periodic solution or 


cycle 
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X'(t) = (x'(0), y'(2)) is the velocity vector V. When external forces are not present 
and frictional forces are neglected, the velocity of the particle at time f is the 
velocity of the stream at position X(t): 


dx 

"r7 PG. X0) 
X'G-VeG.»0) o ^ 

2 = QA, yO). 


Thus the path of the particle is a solution to the system that satisfies the initial 
condition X(0) = (xo, yo). We will frequently call on this simple interpretation of 
a plane autonomous system to illustrate new concepts. 


| EXAMPLE 3 Plane Autonomous System of a Vector Field 


A vector field for the steady-state flow of a fluid around a cylinder of radius 1 is 
given by 


VG, y) = v(i imb M12 
X y 0 GO + yy G2 yy 

where Vo is the speed of the fluid far from the cylinder. If a small cork is released 

at (—3, 1), the path X(t) = (x(t), y(£)) of the cork satisfies the plane autonomous 

system 


subject to the initial condition X(0) = (—3, 1). See Figure 10.1.1 and Problem 46 in 
Exercises 2.4. E 


TYPES OF SOLUTIONS If P(x, y), Q(x, y), and the first-order partial derivatives 
dP/dx, OP/dy, 0Q/Ox, and dQ/dy are continuous in a region R of the plane, then a 
solution of the plane autonomous system (2) that satisfies X(0) = Xo is unique and 
of one of three basic types: 


(i) A constant solution x(t) = xo, y(t) = yo (or X(t) = Xo for all t). A 
constant solution is called a critical or stationary point. When the 
particle is placed at a critical point Xo (that is, X(0) = Xo), it remains 
there indefinitely. For this reason a constant solution is also called an 
equilibrium solution. Note that because X'(r) = 0, a critical point is a 
solution of the system of algebraic equations 


P(x, y) =0 
Q(x, y) = 0. 


(ii) A solution x = x(t), y = y(f) that defines an arc— a plane curve that 
does not cross itself. Thus the curve in Figure 10.1.2(a) can be a solution 
to a plane autonomous system, whereas the curve in Figure 10.1.2(b) 
cannot be a solution. There would be two solutions that start from the 
point P of intersection. 

(iii) A periodic solution x = x(t), y = y(t). A periodic solution is called a 
cycle. If p is the period of the solution, then X(t + p) = X(t) and a particle 
placed on the curve at Xo will cycle around the curve and return to Xo in 
p units of time. See Figure 10.1.3. 


(a) Periodic solution 


«Y 


(b) Nonperiodic solution 


FIGURE 10.1.4 Solution curves for 
Example 5 
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| EXAMPLE 4 Finding Critical Points 


Find all critical points of each of the following plane autonomous systems: 
(a) x' =—-x+y (b x =x? +y?-6 (c) x’ = 0.01x(100 — x — y) 
y7x-—y y =x -y y' = 0.05y(60 — y — 0.2x) 


SOLUTION We find the critical points by setting the right-hand sides of the 
differential equations equal to zero. 


(a) The solution to the system 


—x *ty-0 
x-y=0 


consists of all points on the line y = x. Thus there are infinitely many critical points. 


(b) To solve the system 


r+y—-6=0 


xi—-y-0 


we substitute the second equation, x? — y, into the first equation to obtain 
y? + y — 6 =(y +3)Xy — 2) = 0. If y = —3, then x? = —3, so there are no 
real solutions. If y = 2, then x — * V2, so the critical points are (V2, 2) and 
(— V2, 2). 
(c) Finding the critical points in part (c) requires a careful consideration of cases. The 

equation 0.01x(100 — x — y) = 0 implies that x = 0 or x + y = 100. 

If x —2 0, then by substituting in 0.05y(60 — y — 0.2x) = 0, we have 
y(60 — y) = 0. Thus y = 0 or 60, so (0, 0) and (0, 60) are critical points. 

If x+y = 100, then 0 = y(60 — y — 0.2(100 — y)) = y(40 — 0.8y). It 
follows that y = 0 or 50, so (100, 0) and (50, 50) are critical points. a 


When a plane autonomous system is linear, we can use the methods in Chapter 8 
to investigate solutions. 


| EXAMPLE 5 Discovering Periodic Solutions 


Determine whether the given linear system possesses a periodic solution: 
(a) x' = 2x + 8y (b) x' 2 x + 2y 


yc y y= a+ y 


In each case sketch the graph of the solution that satisfies X(0) = (2, 0). 


SOLUTION (a) In Example 6 of Section 8.2 we used the eigenvalue-eigenvector 
method to show that 


be 
| 


= c,;(2 cos 2t — 2 sin 2f) + c,(2 cos 2t + 2 sin 21) 
y = —c, cos 2t — csin 2t. 
Thus every solution is periodic with period p = m. The solution satisfying 


X(0) = (2, 0) is x = 2 cos 2t + 2 sin 2t, y = —sin 2t. This solution generates 
the ellipse shown in Figure 10.1.4(a). 
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FIGURE 10.1.5 Solution curve for 
Example 6 


(b) Using the eigenvalue-eigenvector method, we can show that 
x = 2c,e'cos t + 2cme'sint, y = —c,e'sint + cse'cos t. 
Because of the presence of e' in the general solution, there are no periodic solutions 


(that is, cycles). The solution satisfying X(0) = (2, 0) is x = 2e'cos t, y = —e' sin f, 
and the resulting curve is shown in Figure 10.1.4(b). ig 


CHANGING TO POLAR COORDINATES Except for the case of constant solu- 
tions, it is usually not possible to find explicit expressions for the solutions of a nonlin- 
ear autonomous system. We can solve some nonlinear systems, however, by changing 
to polar coordinates. From the formulas r? = x? + y? and 0 = tan ^ !(y/x) we obtain 


dr l( dx dy dð 1 dx 2 
= + = + : 
dt r (: go 2) dt r ( at at 6) 


We can sometimes use (3) to convert a plane autonomous system in rectangular 
coordinates to a simpler system in polar coordinates. 


| EXAMPLE 6 Changing to Polar Coordinates 


Find the solution of the nonlinear plane autonomous system 
x = —-y-xVP+y 
y Sx- yve +y 
satisfying the initial condition X(0) = (3, 3). 


SOLUTION Substituting for dx/dt and dy/dt in the expressions for dr/dt and 
d0 /dt in (3), we obtain 


Z = ko = axr) + y —- yn] - -r 


Since (3, 3) is (3 V2, 7/4) in polar coordinates, the initial condition X(0) = (3, 3) 
becomes r(0) = 3V2. and 0(0) = z /4. Using separation of variables, we see that the 
solution of the system is 


1 
r= » =t 
t+ c ^ 


for r 0. (Check this!) Applying the initial condition then gives 


E 0-2: 5 
Tr V2/6 4 
1 
The spiral 7 = —————————— is sketched in Figure 10.1.5. [| 
E 04 V/3/6 — 7/4 5 


| EXAMPLE 7 Solutions in Polar Coordinates 


When expressed in polar coordinates, a plane autonomous system takes the form 


dr 
— = 0.5(3 — 
di ( r) 
dé 

Em]. 


dt 


coordinates. 
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Find and sketch the solutions satisfying X(0) = (0, 1) and X(0) = (3, 0) in rectangular 


SOLUTION Applying separation of variables to dr/dt = 0.5(3 — r) and integrating 
d8 /dt leads to the solution r = 3 + cje ™®*, 9 = t + co. 
If X(0) = (0, 1), then r(0) = 1 and 0 (0) = 7/2, and soc; = —2 and c; = 7/2. 
4 The solution curve is the spiral r = 3 — 2e ?^0- 7/7, Note that as t > co, 0 increases 
without bound and r approaches 3. 
If X(0) = (3, 0), then r(0) = 3 and 0(0) = 0. It follows that c; = c; = 0, so r = 3 
and 0 = t. Hence x = r cos 0 = 3 cos t and y = r sin 0 = 3 sin f, so the solution is 


at periodic. The solution generates a circle of radius 3 about (0, 0). Both solutions are 


FIGURE 10.1.6 Curve in green is a 


periodic solution 


shown in Figure 10.1.6. 


EX E RC | S E S 1 O 1 Answers to selected odd-numbered problems begin on page ANS-17. 


In Problems 1—6 write the given nonlinear second-order 
differential equation as a plane autonomous system. Find all 
critical points of the resulting system. 

1. x" c 9sinx =0 

2. x" + (x) + 2x 40 


» 


x" +x'(1 — x3) - 2x? =0 


x 
4. x" + 4—— + 2x’ =0 
i 1+x ; 
5. x" - x ex! fore 0 
6. x" + x — ex|x| = Ofore > 0 


In Problems 7-16 find all critical points of the given plane 
autonomous system. 


7. x! — x t xy 8.x =y? -x 
y--y-x y =x -y 
9. x' = 3x? — 4y 10. x =x- y 
y —2x-y y -x-y 


11. x’ = x(10 — x — 1y) 12. x = —2x+ y+ 10 
y = y(16 — y — x) 


y =2x-—y-— 15 


y+ 5 
13. x’ = xe? 14. x’ = sin y 
y'= ye = 1) y ene | 
15. x' = x(1 — x? — 3y?) 16. x’ = —x(4 — y?) 
y =y8 -x — 3y°) y' = 4y(1 — x’) 


In Problems 17-22 the given linear system is taken from 
Exercises 8.2. 


(a) Find the general solution and determine whether there 
are periodic solutions. 


(b) Find the solution satisfying the given initial condition. 


(c) With the aid of a calculator or a CAS graph the solution 
in part (b) and indicate the direction in which the curve 
is traversed. 


17. x' =x + 2y 
y =4x + 3y, X(0O) = (-2, 2) 
(Problem 1, Exercises 8.2) 


18. x' = —6x + 2y 
y =—3xt+y, X(0) = (3,4) 
(Problem 6, Exercises 8.2) 


19. x' = 4x — 5y 
y =5x—4y, X(0) = (4,5) 
(Problem 37, Exercises 8.2) 


20. x. =xt+y 
y = —2x—y, X(0) = (—2, 2) 
(Problem 34, Exercises 8.2) 


21. x’ 2 5x t y 
y'= —2x + 3y, XO)=(-1,2) 
(Problem 35, Exercises 8.2) 


22. x’ =x — 8y 
y =x- 3y, X(0) = (2,1) 
(Problem 38, Exercises 8.2) 


In Problems 23-26 solve the given nonlinear plane auto- 
nomous system by changing to polar coordinates. Describe 
the geometric behavior of the solution that satisfies the given 
initial condition(s). 

23. x! = -y — x(x? + y?) 

y =x yQ? +y’, X(0) = (4,0) 


24. x! 2 y + x(x? + y?) 
y = =x + ya? t y), X0) = (4,0) 


370 ° 


25. x' = 


y t x(1 x? y2) 


y -7xtyl-za-y) X0) = (1, 0), X0) = (2, 0) 
[Hint: The resulting differential equation for r is a 
Bernoulli differential equation. See Section 2.5.] 


Ps 
26. x = 4 2 
y uy y) 
, y 
y=-x 4 
) reer 


X(0) = (1, 0), X(0) = (2, 0) 
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If a plane autonomous system has a periodic solution, then 
there must be at least one critical point inside the curve gen- 
erated by the solution. In Problems 27—30 use this fact to- 
gether with a numerical solver to investigate the possibility 
of periodic solutions. 


27. x! = —x + 6y 28. x’ = —x + 6xy 

y 2 xy * 12 y! = —8xy + 2y 
29. x’ =y 30. x' = xy 

y = y(1 — 3x? — 2y?) -x y=-1-x-y? 


10.2 


STABILITY OF LINEAR SYSTEMS 


7 


Critical point 


(a) Locally stable 


Xo 


Critical point 


(b) Locally stable 


Xo 


Critical point 


Critical point 
(c) Unstable 
FIGURE 10.2.1 Critical points 


REVIEW MATERIAL 
e Section 10.1, especially Examples 3 and 4 


INTRODUCTION We have seen that a plane autonomous system 


Ei P(x, y) 
dt id 
dy _ 

37 Ox, y) 


gives rise to a vector field V(x, y) = (P(x, y), Q(x, y)), and a solution X = X(t) of the system may be 
interpreted as the resulting path of a particle that is initially placed at position X(0) = Xo. If Xo is a criti- 
cal point of the system, then the particle remains stationary. In this section we examine the behavior of 
solutions when Xo is chosen close to a critical point of the system. 


SOME FUNDAMENTAL QUESTIONS Suppose that X, is a critical point of a 
plane autonomous system and X = X(¢) is a solution of the system that satisfies 
X(0) = Xo. If the solution is interpreted as a path of a moving particle, we are inter- 
ested in the answers to the following questions when Xo is placed near X: 


(i) | Will the particle return to the critical point? More precisely, does 
lim, >» X(t) = X,? 

(ii)  Ifthe particle does not return to the critical point, does it remain close to 
the critical point or move away from the critical point? It is conceivable, 
for example, that the particle may simply circle the critical point, or it 
may even return to a different critical point or to no critical point at all. 
See Figure 10.2.1. 


If in some neighborhood of the critical point case (a) or (b) in Figure 10.2.1 always 
occurs, we call the critical point locally stable. If, however, an initial value Xo that 
results in behavior similar to (c) can be found in any given neighborhood, we call the 
critical point unstable. These concepts will be made more precise in Section 10.3, 
where questions (7) and (ii) will be investigated for nonlinear systems. 


STABILITY ANALYSIS We will first investigate these two stability questions 
for linear plane autonomous systems and lay the foundation for Section 10.3. The 
solution methods of Chapter 8 enable us to give a careful geometric analysis of the 
solutions to 


x' = ax + by (1) 
y'— cx t dy 


10.2 STABILITY OF LINEAR SYSTEMS ° 371 


in terms of the eigenvalues and eigenvectors of the coefficient matrix 


a(o i) 


To ensure that Xo = (0, 0) is the only critical point, we will assume that the 
determinant A = ad — bc + 0. If 7 = a + dis the trace’ of matrix A, then the char- 
acteristic equation det(A — AI) = 0 may be rewritten as 


M-TrA+A=0. 


Therefore the eigenvalues of A are A = (7 + Vr- 4A) /2, and the usual three 
cases for these roots occur according to whether 7? — 4A is positive, negative, or 
zero. In the next example we use a numerical solver to discover the nature of the 
solutions corresponding to these cases. 


l EXAMPLE 1 Eigenvalues and the Shape of Solutions 


Find the eigenvalues of the linear system 


, 


X — =x ty 

y eu y 
in terms of c, and use a numerical solver to discover the shapes of solutions 
corresponding to the cases c — i, 4,0, and —9. 


has trace 7 = —2 and determinant 
EG 


—1 
SOLUTION The coefficient matrix ( 


A = 1 — c, and so the eigenvalues are 


+ V74 -2+vV4- 400 
(= : 4A -2+ E 4.1 —c) _ eae 


The nature of the eigenvalues is therefore determined by the sign of c. 

Ifc= is then the eigenvalues are negative and distinct, A = -i and —3, In 
Figure 10.2.2(a) we have used a numerical solver to generate solution curves, or 
trajectories, that correspond to various initial conditions. Note that except for the tra- 
jectories drawn in red in the figure, the trajectories all appear to approach 0 from a 
fixed direction. Recall from Chapter 8 that a collection of trajectories in the xy-plane, 
or phase plane, is called a phase portrait of the system. 

When c = 4, the eigenvalues have opposite signs, A = 1 and —3, and an 
interesting phenomenon occurs. All trajectories move away from the origin in a 
fixed direction except for solutions that start along the single line drawn in red 
in Figure 10.2.2(b). We have already seen behavior like this in the phase portrait 
given in Figure 8.2.2. Experiment with your numerical solver and verify these 
observations. 

The selection c = 0 leads to a single real eigenvalue A = — 1. This case is very 
similar to the case c — i with one notable exception. All solution curves in 
Figure 10.2.2(c) appear to approach 0 from a fixed direction as ft increases. 

Finally, when c = —9,A = —1 + V—9 = —1 + 3i. Thus the eigenvalues are 
conjugate complex numbers with negative real part — 1. Figure 10.2.2(d) shows that 
solution curves spiral in toward the origin 0 as ft increases. lg 


The behaviors of the trajectories that are observed in the four phase portraits in 
Figure 10.2.2 in Example 1 can be explained by using the eigenvalue-eigenvector 
solution results from Chapter 8. 


"In general, if A is an n X n matrix, the trace of A is the sum of the main diagonal entries. 
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FIGURE 10.2.3 Stable node 


xY 


FIGURE 10.2.4 Unstable node 


xY 


=0:5 0.5 =0;5 0.5 


(c) c=0 (d) c= —9 


FIGURE 10.2.2 Phase portraits of linear system in Example 1 for various values of c 


CASE 


REAL DISTINCT EIGENVALUES (r? — 4A 7 0) According to 


Theorem 8.2.1 in Section 8.2, the general solution of (1) is given by 


X() = c,K,e^' + oK e’, (2) 


where A, and A» are the eigenvalues and K; and K» are the corresponding eigenvec- 
tors. Note that X(f) can also be written as 


(a) 


(b) 


X(t) = e"'[c,K, + c;K5e^:- M]. (3) 


Both eigenvalues negative (T? — 4A > 0, 7 < 0, and A > 0) 

Stable node (A < A, < 0): Since both eigenvalues are negative, it 
follows from (2) that lim, ,.. X(r) = 0. If we assume that A» < A,, then 
Ay — Ay € 0, and so e": ?!)' is an exponential decay function. We may 
therefore conclude from (3) that X(r) ~ c,K,e^' for large values of t. 
When c; # 0, X(t) will approach 0 from one of the two directions 
determined by the eigenvector K; corresponding to A,. If c, = 0, 

X(r) = c;K;e^' and X(f) approaches 0 along the line determined by 
the eigenvector K3. Figure 10.2.3 shows a collection of solution curves 
around the origin. A critical point is called a stable node when both 
eigenvalues are negative. 


Both eigenvalues positive (7? — 4A > 0, 7 > 0, and A > 0) 

Unstable node (0 < A, < Aj): The analysis for this case is similar to 
(a). Again from (2), X(t) becomes unbounded as ¢ increases. Moreover, 
again assuming that A» < A, and using (3), we see that X(t) becomes 
unbounded in one of the directions determined by the eigenvector K, 
(when c, # 0) or along the line determined by the eigenvector K3 
(when c, = 0). Figure 10.2.4 shows a typical collection of solution 


«Y 


FIGURE 10.2.5 Saddle point 


FIGURE 10.2.7 Stable node 
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curves. This type of critical point, corresponding to the case when both 
eigenvalues are positive, is called an unstable node. 


(c) Eigenvalues have opposite signs (7? — 4A > 0 and A < 0) 
Saddle point (A. < 0 < A): The analysis of the solutions is identical to 
(b) with one exception. When c; = 0, X(t) = c,K,e*, and since Àz < 0, 
X(t) will approach 0 along the line determined by the eigenvector Ko. If 
X(0) does not lie on the line determined by K», the line determined by 
K; serves as an asymptote for X(t). Thus the critical point is unstable 
even though some solutions approach 0 as t increases. This unstable 
critical point is called a saddle point. See Figure 10.2.5. 


| EXAMPLE 2 Real Distinct Eigenvalues 


Classify the critical point (0, 0) of each of the following linear systems X’ = AX as 
either a stable node, an unstable node, or a saddle point. 


2 3 -10 6 
@ a=(; 1 mA-( m _ 8) 


In each case discuss the nature of the solutions in a neighborhood of (0, 0). 


SOLUTION (a) Since the trace 7 = 3 and the determinant A = —4, the eigen- 
values are 


TEV P 4A t 344 3*5 . 
2 2 2 , 
The eigenvalues have opposite signs, so (0, 0) is a saddle point. It is not hard to 


show (see Example 1, Section 8.2) that eigenvectors corresponding to A, = 4 and 
Ao = —l are 


A= if 


respectively. If X(0) = Xo lies on the line y = —x, then X(t) approaches 0. For any 
other initial condition, X(t) will become unbounded in the directions determined 
by K;. In other words, the line y = ix serves as an asymptote for all these solution 
curves. See Figure 10.2.6. 

(b) From 7 = —29 and A = 100 it follows that the eigenvalues of A are A; = —4 
and A» = —25. Both eigenvalues are negative, so (0, 0) is in this case a stable 
node. Since eigenvectors corresponding to A, = —4 and Az = —25 are 


respectively, it follows that all solutions approach 0 from the direction de- 
fined by K, except those solutions for which X(0) = Xo lies on the line 
y= -ix determined by K». These solutions approach 0 along y = -ix. See 
Figure 10.2.7. E 


CASE Il: A REPEATED REAL EIGENVALUE (7° — 4A = 0) 


DEGENERATE NODES: Recall from Section 8.2 that the general solution takes 
on one of two different forms depending on whether one or two linearly independent 
eigenvectors can be found for the repeated eigenvalue A). 


(a) Two linearly independent eigenvectors 
If K; and K» are two linearly independent eigenvectors corresponding to 
A,, then the general solution is given by 


X(t) = c, K ,e^' + c;K5e^' p (cj K, + coK,)e*. 
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If A; < 0, then X(t) approaches 0 along the line determined by the vector 
c,K, + c; K» and the critical point is called a degenerate stable node 
(see Figure 10.2.8(a)). The arrows in Figure 10.2.8(a) are reversed when 
A; > 0, and we have a degenerate unstable node. 


cK * c; K5 


K, K, 


«Y 
E 


(a) (b) 
FIGURE 10.2.8 Degenerate stable nodes 


(b) A single linearly independent eigenvector 
When only a single linearly independent eigenvector K, exists, the 
general solution is given by 


X(t) x: cu K,e^' + co(K, te" + Pe*"), 


where (A — ADP = K; (see Section 8.2, (12)—(14)), and the solution 
may be rewritten as 


C1 C2? 
X(t) = te] cK, + el + a, ; 


If Ay < 0, then lim,_,., teò! = 0, and it follows that X(r) approaches 0 in 
one of the directions determined by the vector K; (see Figure 10.2.8(b)). 
The critical point is again called a degenerate stable node. When 

A; > 0, the solutions look like those in Figure 10.2.8(b) with the arrows 
reversed. The line determined by K; is an asymptote for all solutions. 
The critical point is again called a degenerate unstable node. 


CASE Ill: COMPLEX EIGENVALUES (72 — 4A <0) If à =a+if and 
A, = a — if are the complex eigenvalues and K; = B, + iB? is a complex eigenvector 
corresponding to Aj, the general solution can be written as X(f) = c1Xi(t) + coX»(t), 
where 


X(t) = (B; cos Bt — B» sin Bt)e"', X»(t) = (B»cos Bt + B, sin BHe™. 
See (23) and (24) in Section 8.2. A solution can therefore be written in the form 


x(t) = e™ (c11 cos Bt + c12 sin BN), y(t) = e” (cz, cos Bt + co» sin Bt), (4) 


FIGURE 10.2.9 Center 


(a) Stable spiral point 


Ya 


(b) Unstable spiral point 
FIGURE 10.2.10 Spiral points 
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and when a = 0, we have 


x(t) = cy, cos Bt + ci» sin Bt, y(t) = cz, cos Bt + co» sin Bt. (5) 


(a) Pure imaginary roots (7? — 4A < 0, 7 = 0) 
Center: When a = 0, the eigenvalues are pure imaginary, and from (5) 


all solutions are periodic with period p = 27 / B. Notice that if both c12 
and c5, happened to be 0, then (5) would reduce to 


x(t) = c11 cos Bt, y(t) = co» sin Bt, 


which is a standard parametric representation for the ellipse 

x’/ct, + y’/c3 = 1. By solving the system of equations in (4) for cos Bt 
and sin Bt and using the identity sin?Bt + cos?Bt = 1, it is possible to 
show that all solutions are ellipses with center at the origin. The critical 
point (0, 0) is called a center, and Figure 10.2.9 shows a typical 
collection of solution curves. The ellipses are either all traversed in the 
clockwise direction or a// traversed in the counterclockwise direction. 


(b) Nonzero real part (7? — 4A < 0, 7 # 0) 
Spiral points: When o 7 0, the effect of the term e% in (4) is similar to 
the effect of the exponential term in the analysis of damped motion given 
in Section 5.1. When a < 0, e*' — 0, and the elliptical-like solution 
spirals closer and closer to the origin. The critical point is called a stable 
spiral point. When a > 0, the effect is the opposite. An elliptical-like 
solution is driven farther and farther from the origin, and the critical 
point is now called an unstable spiral point. See Figure 10.2.10. 


[ EXAMPLE 3 Repeated and Complex Eigenvalues 


Classify the critical point (0, 0) of each of the following linear systems X' = AX: 
3 —18 = 2 

A= b) A = 
@a=( 8) wa=("} 1) 


In each case discuss the nature of the solution that satisfies X(0) = (1, 0). Determine 
parametric equations for each solution. 


SOLUTION (a) Since 7 — —6 and A=9, the characteristic polynomial is 
A? + 6A + 9 = (A + 3)’, so (0, 0) is a degenerate stable node. For the repeated 

3 
eigenvalue A = —3 we find a single eigenvector K; = G) so the solution 


X(t) that satisfies X(0) = (1, 0) approaches (0, 0) from the direction specified by 
the line y = x/3. 


(b 


<~ 


Since 7 = 0 and A = 1, the eigenvalues are A = +i, so (0, 0) is a center. The 
solution X(t) that satisfies X(0) = (1, 0) is an ellipse that circles the origin every 
27 units of time. 

From Example 4 of Section 8.2 the general solution of the system in (a) is 


1 
X(t) = afie + «e + (Je*| 


The initial condition gives c; = 0 and c» = 2, and so x = (6t + 1)e 
are parametric equations for the solution. 
The general solution of the system in (b) is 


COS f + sint cos f — sin f 
X(t) = c Tc ] 


cos f —sint 


—3t —3t 


.y = 2te 
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(a) Degenerate stable node 


(b) Center 


FIGURE 10.2.11 Critical points in 
Example 3 


The initial condition gives c; = 0 and c3 = 1, so x = cos t — sin f, y = —sin f 
are parametric equations for the ellipse. Note that y « 0 for small positive values 
of t, and therefore the ellipse is traversed in the clockwise direction. 


The solutions of (a) and (b) are shown in Figures 10.2.11(a) and 10.2.11(b), 
respectively. il 


Figure 10.2.12 conveniently summarizes the results of this section. The general 
geometric nature of the solutions can be determined by computing the trace and de- 
terminant of A. In practice, graphs of the solutions are most easily obtained not by 
constructing explicit eigenvalue-eigenvector solutions but rather by generating the 
solutions using a numerical solver and the Runge-Kutta method for first-order 
systems. 


Stable Unstable 
spiral 


T2-4A 


Stable node Unstable node 


Degenerate 
stable node 


Degenerate 
unstable node 


ay 


Saddle 
A 


FIGURE 10.2.12 Geometric summary of Cases I, II, and III 


l EXAMPLE 4 Classifying Critical Points 


Classify the critical point (0, 0) of each of the following linear systems X' = AX: 


1.01 i —ak c) 


A= 
—1.10 —1.02 (h) (Cs -dj 


(a) A= ( 
for positive constants a, b, c, d, £, and $. 


SOLUTION (a) For this matrix 7 = —0.01, A = 2.3798, so 7? — 4A « 0. Using 
Figure 10.2.12, we see that (0, 0) is a stable spiral point. 


(b) This matrix arises from the Lotka-Volterra competition model, which we will study 
in Section 10.4. Since 7 = —(ax + d$) and all constants in the matrix are positive, 
7 <0. The determinant may be written as A = ad£$(1 — bc). If bc > 1, then 
A < 0 and the critical point is a saddle point. If bc < 1, A > 0 and the critical point 
is either a stable node, a degenerate stable node, or a stable spiral point. In all three 
cases lim,_,.. X(t) = 0. E 


The answers to the questions posed at the beginning of this section for the 
linear plane autonomous system (1) with ad — bc # 0 are summarized in the next 
theorem. 
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| THEOREM 10.2.1 


Stability Criteria for Linear Systems 


For a linear plane autonomous system X' = AX with det A # 0, let X = X(r) 
denote the solution that satisfies the initial condition X(0) = Xo, where X, # 0. 


(a) lim, X(f) = 0 if and only if the eigenvalues of A have negative real 
parts. This will occur when A > 0 and 7 < 0. 

(b) X(t) is periodic if and only if the eigenvalues of A are pure imaginary. 
This will occur when A > 0 and 7 = 0. 

(c) In all other cases, given any neighborhood of the origin, there is at least 
one Xo in the neighborhood for which X(t) becomes unbounded as t 
increases. 


REMARKS 


The terminology that is used to describe the types of critical points varies from 
text to text. The following table lists many of the alternative terms that you may 
encounter in your reading. 


Term 


critical point 


spiral point 


stable node or spiral point 
unstable node or spiral point 


Alternative Terms 

equilibrium point, singular point, 
stationary point, rest point 

focus, focal point, vortex point 
attractor, sink 

repeller, source 


EXERCISES 10.2 


Answers to selected odd-numbered problems begin on page ANS-17. 


In Problems 1-8 the general solution of the linear system 

X' — AX is given. 

(a) In each case discuss the nature of the solutions in a 
neighborhood of (0, 0). 


(b) With the aid of a calculator or a CAS graph the 
solution that satisfies X(0) = (1, 1). 


1. A= (3 1) X(t) = ( De + «(Des 


5. A= e J 
—5 4 
IA Wy o\ _ 
X(t) = (Ie t4 IU t4 (‘Je | 
5 
"e -( 2 ‘) 
. = —] 6 , 
X(t) = «(1e + ol (Fe + (el 
2. =] 1 1 
7. A= (: 2) X(t) = «(Ie + «(1e 


5 cos 2t 5 sin 2t ) 


X(t) -«[ . ) tol . 
cos 2t — 2 sin 2f 2 cos 2t + sin 2t 
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In Problems 9—16 classify the critical point (0, 0) of the 
given linear system by computing the trace 7 and determi- 
nant A and using Figure 10.2.12. 


9, x' = —5x + 3y 10. x' = —5x + 3y 
y'= 2x-cTy y = 2x- Ty 

11. x’ = —5x + 3y 12. x' = —5x + 3y 
y’ = —2x + 5y y! = —Ix + 4y 

13. x = —3x + iy 14. x’ = 3x + iy 
y'en yx) 

15. x’ = 0.02x — O.11ly 16. x' = 0.03x + 0.01y 
y’ = 0.10x — 0.05y y’ = —0.01x + 0.05y 


17. Determine conditions on the real constant u so that 
(0, 0) is a center for the linear system 


x — —ux t y 
y = =x + py. 
18. Determine a condition on the real constant u so that 


(0, 0) is a stable spiral point of the linear system 


x =y 


y — =x + py. 
19. Show that (0, 0) is always an unstable critical point of 
the linear system 


, 


x —uxcty 

y = Ey 

where u is a real constant and u # —1. When is (0, 0) 
an unstable saddle point? When is (0, 0) an unstable 
spiral point? 


20. Let X = X(t) be the response of the linear dynamical 
system 


L 


x' = ax — By 


y' = Bx + ay 


that satisfies the initial condition X(0) = Xo. Determine 
conditions on the real constants o and £ that will ensure 
lim,_... X(t) = (0, 0). Can (0, 0) be a node or saddle 
point? 


21. Show that the nonhomogeneous linear system 
X’ = AX +F has a unique critical point X, when 
A = det A # 0. Conclude that if X = X(f) is a solution 
to the nonhomogeneous system, 7 < 0 and A > 0, then 
lim, >» X(t) = Xi. [Hint: X(t) = X(t) + X,.] 


22. In Example 4(b) show that (0, 0) is a stable node when 
bc <1. 


In Problems 23-26 a nonhomogeneous linear system 
X’ = AX + Fis given. 
(a) In each case determine the unique critical point Xj. 


(b) Use a numerical solver to determine the nature of the 
critical point in (a). 

(c) Investigate the relationship between X, and the critical 
point (0, 0) of the homogeneous linear system X' — AX. 


23. x' =2x+ 3y - 6 24. x' = —5x + 9y + 13 
y -2-x-2y*5 y = —x — lly- 23 


25. x' = 0.1x — 0.2y + 0.35 
y' = 0.1x + 0.ly — 0.25 


26. x' 23x —2y - 1 
y =5x-3y-2 


10.3 


REVIEW MATERIAL 


LINEARIZATION AND LOCAL STABILITY 


* The concept of linearization was first introduced in Section 2.6. 


INTRODUCTION The key idea in this section is that of linearization. A linearization of a dif- 
ferentiable function f at a point (xi, f(x1)) is the equation of the tangent line to the graph of f at the 
point: y = f(x1) + f'(xi)(x — xi). For x close to x; the points on the graph of f are close to the points 
on the tangent line, so values of y(x) obtained from its equation can be used to approximate the 
corresponding values of f(x). In this section we will use linearization as a means of analyzing non- 
linear DEs and nonlinear systems; the idea is to replace them by linear DEs and linear systems. 


SLIDING BEAD We start this section by refining the stability concepts introduced 
in Section 10.2 in such a way that they will apply to nonlinear autonomous systems 
as well. Although the linear system X' — AX had only one critical point when 
det A # 0, we saw in Section 10.1 that a nonlinear system may have many critical 
points. We therefore cannot expect that a particle placed initially at a point Xo will 


l 
l 
l 
| 
xy Xo X3 E 


FIGURE 10.3.1 Bead sliding on graph 
of z = f(x) 


(EE 


« d» 


(a) Stable 


VA 


(b) Unstable 
FIGURE 10.3.2 Critical points 
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remain near a given critical point X, unless Xo has been placed sufficiently close to X, 
to begin with. The particle might well be driven to a second critical point. To empha- 
size this idea, consider the physical system shown in Figure 10.3.1, in which a bead 
slides along the curve z — f(x) under the influence of gravity alone. We will show in 
Section 10.4 that the x-coordinate of the bead satisfies a nonlinear second-order 
differential equation x" = g(x, x’); therefore letting y = x’ satisfies the nonlinear 
autonomous system 


x =y 


y' = g(x,y). 

If the bead is positioned at P = (x, f(x)) and given zero initial velocity, the bead 
will remain at P provided that f'(x) = 0. If the bead is placed near the critical point 
located at x = x), it will remain near x = x, only if its initial velocity does not drive 
it over the “hump” at x = x» toward the critical point located at x = x3. Therefore 
X(0) = (x(0), x'(0)) must be near (xi, 0). 

In the next definition we will denote the distance between two points X and Y by 
|X — Y |. Recall that if X = (xi, x2, ..., Xn) and Y = (yi y2,..., Yn), then 


IX = Y| m Væ -_ yi) t — y»? e epe = 3*5 


| DEFINITION 10.3.1 Stable Critical Points 


Let X; be a critical point of an autonomous system and let X = X(t) 
denote the solution that satisfies the initial condition X(0) = Xo, where 
Xo # Xj. We say that X, is a stable critical point when, given any radius 
p > 0, there is a corresponding radius r > 0 such that if the initial position 
Xo satisfies | X; — X, | < r, then the corresponding solution X(f) satisfies 
| X(t) — X,| < p for all t > O. If, in addition, lim, ,,, X(f) = X, whenever 
|X) — X,| € r, we call X, an asymptotically stable critical point. 


This definition is illustrated in Figure 10.3.2(a). Given any disk of radius p about 
the critical point X;, a solution will remain inside this disk provided that X(0) = Xo is 
selected sufficiently close to X,. It is not necessary that a solution approach the criti- 
cal point in order for X, to be stable. Stable nodes, stable spiral points, and centers are 
all examples of stable critical points for linear systems. To emphasize that Xo must be 
selected close to Xj, the terminology locally stable critical point is also used. 

By negating Definition 10.3.1, we obtain the definition of an unstable critical 
point. 


DEFINITION 10.3.2 Unstable Critical Point 


Let X, be a critical point of an autonomous system and let X = X(t) denote 
the solution that satisfies the initial condition X(0) = Xo, where Xp # X;. We 
say that X, is an unstable critical point if there is a disk of radius p > 0 
with the property that for any r > 0 there is at least one initial position Xo 
that satisfies | X, — X,| < r, yet the corresponding solution X(f) satisfies 
[X(t) — X,| = p for at least one t > 0. 


If a critical point X, is unstable, no matter how small the neighborhood about X, 
an initial position X, can always be found that results in the solution leaving some 
disk of radius p at some future time f. See Figure 10.3.2(b). Therefore unstable 
nodes, unstable spiral points, and saddle points are all examples of unstable critical 
points for linear systems. In Figure 10.3.1 the critical point (x2, 0) is unstable. The 
slightest displacement or initial velocity results in the bead sliding away from the 
point (x2, f(x2)). 
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=Y 


FIGURE 10.3.3 Asymptotically stable 
critical point 


=3 


FIGURE 10.3.4 Unstable critical 


point 


l EXAMPLE 1 A Stable Critical Point 


Show that (0, 0) is a stable critical point of the nonlinear plane autonomous system 
x =-y-xVre+y 
y=ax-yVr+ry 

considered in Example 6 of Section 10.1. 

SOLUTION In Example 6 of Section 10.1 we showed that in polar coordinates 


r = l/(t + c1), 0 =t + c2 is the solution of the system. If X(0) = (ro, 09) is the 
initial condition in polar coordinates, then 


sa 
rot + V 


0-—t- b. 


Note that r = ro for t = 0, and r approaches (0, 0) as ¢ increases. Therefore, given 
p > 0, a solution that starts less than p units from (0, 0) remains within p units of the 
origin for all t = 0. Hence the critical point (0, 0) is stable and is in fact asymptoti- 
cally stable. A typical solution is shown in Figure 10.3.3. a 


l EXAMPLE 2 An Unstable Critical Point 


When expressed in polar coordinates, a plane autonomous system takes the form 


d 
a = 0.05r(3 — 7) 
do _ 
di 


Show that (x, y) = (0, 0) is an unstable critical point. 


SOLUTION Since x = r cos @ and y = r sin 0, we have 


dx . d0 dr 

= —rsin 0 — + — cos 0 
dt dt dt 
dy = rcos Que + arn 0. 


dt dt dt 


From dr/dt = 0.05r(3 — r) we see that dr/dt = 0 when r = 0 and can conclude that 
(x, y) = (0, 0) is a critical point by substituting r = 0 into the new system. 

The differential equation dr/dt — 0.05r(3 — r) is a logistic equation that can 
be solved by using either separation of variables or equation (5) in Section 3.2. If 
r(0) = ro and rp # 0, then 


3 
y——————ÀÁáE 
1 + ce? 
; : 3 ; 
where co = (3 — ro)/ro. Since lim EET — 3, it follows that no matter how 
to Coe "^ 


close to (0, 0) a solution starts, the solution will leave a disk of radius 1 about the 
origin. Therefore (0, 0) is an unstable critical point. A typical solution that starts near 
(0, 0) is shown in Figure 10.3.4. E 


LINEARIZATION Itis rarely possible to determine the stability of a critical point 
of a nonlinear system by finding explicit solutions, as in Examples 1 and 2. Instead, 
we replace the term g(X) in the original autonomous system X’ = g(X) by a linear 


FIGURE 10.3.5 7/4 is asymptotically 
stable and 57 /4 is unstable 
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term A(X — Xj) that most closely approximates g(X) in a neighborhood of Xj. This 
replacement process, called linearization, will be illustrated first for the first-order 
differential equation x’ = g(x). 

An equation of the tangent line to the curve y= g(x) at x=x, is 
y = g(x) + g’(x)(x — xi), and if x, is a critical point of x’ = g(x), we have 
x' = g(x) = g'(x1)(« — xı). The general solution to the linear differential equation 
x’ = g'(x1)(x — x1) isx = x, + ce^', where A; = g'(xi). Thus if g'(3) < 0, then x(t) 
approaches xı. Theorem 10.3.1 asserts that the same behavior occurs in the original 
differential equation, provided that x(0) = xo is selected close enough to x). 


THEOREM 10.3.1 Stability Criteria for x' — g(x) 


Let x; be a critical point of the autonomous differential equation x’ = g(x), 
where g is differentiable at x;. 


(a) If g'(x) < 0, then x; is an asymptotically stable critical point. 
(b) If g'(x) > 0, then x, is an unstable critical point. 


l EXAMPLE 3 Stability in a Nonlinear First-Order DE 


Both x = 7 /4 and x = 57/4 are critical points of the autonomous differential equation 
X' = cos x — sin x. This differential equation is difficult to solve explicitly, but we can 
use Theorem 10.2 to predict the behavior of solutions near these two critical points. 
Since g'(x) = —sin x — cos x, g'(7/4) = — V2 < 0 and g'(57/4) = V2 > 0. 
Therefore x = 77/4 is an asymptotically stable critical point, but x = 57/4 is unsta- 
ble. In Figure 10.3.5 we used a numerical solver to investigate solutions that start 
near (0, 7/4) and (0, 57/4). Observe that solution curves that start close to 
(0, 57 /4) quickly move away from the line x = 57/4, as predicted. [| 


I EXAMPLE 4 Stability Analysis of the Logistic DE 


Without solving explicitly, analyze the critical points of the logistic differential 
equation (see Section 3.2) x' — pik — x), where r and K are positive constants. 


SOLUTION The two critical points are x —0 and x=K, so from 
g'(x) = r(K — 2x)/K we get g'(0) = r and g'(K) = —r By Theorem 10.3.1 we 
conclude that x = 0 is an unstable critical point and x = K is an asymptotically 
stable critical point. a 


JACOBIAN MATRIX A similar analysis may be carried out for a plane 
autonomous system. An equation of the tangent plane to the surface z = g(x, y) at 
X; = (xı, yi) is 


0 
(x — xj) + g 


G9) + 2 
z= (x,y) + Š — 
8i Yı (x1, yp oy 


x O — yp. 


Ga. y) 


and g(x, y) can be approximated by its tangent plane in a neighborhood of X;. 
When X, is a critical point of a plane autonomous system, 
PQa, y1) = QM, y1) = 0, and we have 


oP 
= POs = — — 4T— = 
T (x y) Ox ea x) oy -— y) 
dQ dQ 
"= Q(x, y) m = - x) + — yj. 
y = Q(x, y) as Eun xi) ay € yı) 
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The original system X' = g(X) may be approximated in a neighborhood of the crit- 
ical point X by the linear system X’ = A(X — Xj), where 


oP oP 

Ox Gs») dy I@.y) 
A E y y y 

dQ dQ 

Ox le») — dy iG»), 


This matrix is called the Jacobian matrix at X, and is denoted by g'(X4). If we 
let H = X — X, then the linear system X' = A(X — X4) becomes H’ = AH, which 
is the form of the linear system that we analyzed in Section 10.2. The critical point 
X =X, for X' = A(X — Xj) now corresponds to the critical point H = 0 for 
H' — AH. If the eigenvalues of A have negative real parts, then by Theorem 10.2.1, 
0 is an asymptotically stable critical point for H' — AH. If there is an eigenvalue 
with positive real part, H = 0 is an unstable critical point. Theorem 10.3.2 asserts 
that the same conclusions can be made for the critical point X, of the original system. 


| THEOREM 10.3.2 Stability Criteria for Plane Autonomous Systems 


Let X, be a critical point of the plane autonomous system X' = g(X), where 
P(x, y) and Q(x, y) have continuous first partials in a neighborhood of Xj. 


(a) If the eigenvalues of A = g'(X,) have negative real part, then X, is an 
asymptotically stable critical point. 


(b) If A = g'(Xj) has an eigenvalue with positive real part, then X, is an 
unstable critical point. 


i EXAMPLE 5 Stability Analysis of Nonlinear Systems 


Classify (if possible) the critical points of each of the following plane autonomous 
systems as stable or unstable: 
(a) x’ =x? +y-6 (b) x’ = 0.01x(100 — x — y) 

y-2x-y y' = 0.05y(60 — y — 0.2x) 


SOLUTION The critical points of each system were determined in Example 4 of 
Section 10.1. 


(a) The critical points are (V2, 2) and (— V2, 2), the Jacobian matrix is 


, | {2x 2y 
goo = (^ 2 
and so 
2V2 4 -2V2 4 
av=0((v2.2)=(342 4) ana as E = (GY? 0 


Since the determinant of A, is negative, A; has a positive real eigenvalue. 
Therefore ( V2, 2) is an unstable critical point. Matrix A, has a positive 
determinant and a negative trace, so both eigenvalues have negative real parts. 
It follows that (— V2, 2) is a stable critical point. 


(b) The critical points are (0, 0), (0, 60), (100, 0), and (50, 50), the Jacobian matrix is 


0.01(100 — 2x — y) —0.01x ) 


g (X) = ( 
—0.01y 0.05(60 — 2y — 0.2y) 


S A i : 
=2 =] s 


FIGURE 10.3.6 | (— V2, 2) appears to 


be a stable spiral point 
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and so 
| no m _( 04 0 
A= 60.0) =(? o) Aa (9.09) E E 
= | —(0.5. =0:5 
Ay = g'(10,0) = ( " ;) A, = 21650, 50 = (“02 E 


Since the matrix A, has a positive determinant and a positive trace, both 
eigenvalues have positive real parts. Therefore (0, 0) is an unstable critical 
point. The determinants of matrices À» and A3 are negative, so in each case, 
one of the eigenvalues is positive. Therefore both (0, 60) and (100, 0) are 
unstable critical points. Since the matrix A, has a positive determinant and a 
negative trace, (50, 50) is a stable critical point. [| 


In Example 5 we did not compute 7? — 4A (as in Section 10.2) and attempt to 
further classify the critical points as stable nodes, stable spiral points, saddle points, 
and so on. For example, for X, — (— V2, 2) in Example 5(a), T? — 4A < 0, and if 
the system were linear, we would be able to conclude that X; was a stable spiral 
point. Figure 10.3.6 shows several solution curves near X, that were obtained with a 
numerical solver, and each solution does appear to spiral in toward the critical point. 


CLASSIFYING CRITICAL POINTS Itis natural to ask whether we can infer more 
geometric information about the solutions near a critical point X, of a nonlinear 
autonomous system from an analysis of the critical point of the corresponding linear 
system. The answer is summarized in Figure 10.3.7, but you should note the follow- 
ing comments. 


(i) In five separate cases (stable node, stable spiral point, unstable spiral 
point, unstable node, and saddle) the critical point may be categorized 
like the critical point in the corresponding linear system. The solutions 
have the same general geometric features as the solutions to the linear 
system, and the smaller the neighborhood about X,, the closer the 
resemblance. 


(ii) If T? = 4A and 7 > 0, the critical point X, is unstable, but in this 
borderline case we are not yet able to decide whether X, is an unstable 
spiral, unstable node, or degenerate unstable node. Likewise, if T? — 4A 


AA 
Stable Unstable tT2=4A 
spiral spiral 
í ) D ? 
Stable node v A Unstable node 
? p 
7 4A <0 A 
-— d 2 9 2 Unstable 
2 2 NIS 2 a 2 - 
T 
Saddle 
A 


FIGURE 10.3.7 Geometric summary of some conclusions (see (i)) and some 
unanswered questions (see (ii) and (iii)) about nonlinear autonomous systems 


384 


CHAPTER 10 PLANE AUTONOMOUS SYSTEMS 


and 7 < 0, the critical point X, is stable but may be either a stable spiral, 
a stable node, or a degenerate stable node. 

(iii) IfT = 0 and A > 0, the eigenvalues of A = g'(X) are pure imaginary 
and in this borderline case X, may be either a stable spiral, an unstable 
spiral, or a center. It is therefore not yet possible to determine whether X, 
is stable or unstable. 


| EXAMPLE 6 Classifying Critical Points of a Nonlinear System 


Classify each critical point of the plane autonomous system in Example 5(b) as a sta- 
ble node, a stable spiral point, an unstable spiral point, an unstable node, or a saddle 
point. 


SOLUTION For the matrix A; corresponding to (0, 0), A = 3,7 = 4, so T? — 4A = 4. 
Therefore (0, 0) is an unstable node. The critical points (0, 60) and (100, 0) are sad- 
dles, since A < 0 in both cases. For matrix A4, A > 0, 7 < 0, and 7? — 4A > 0. It 
follows that (50, 50) is a stable node. Experiment with a numerical solver to verify 
these conclusions. E 


l EXAMPLE 7 Stability Analysis for a Soft Spring 


Recall from Section 5.3 that the second-order differential equation 
mx" + kx + ki? = 0, for k>0, represents a general model for the free, 
undamped oscillations of a mass m attached to a nonlinear spring. If k = 1 and 
kı = —1, the spring is called soft, and the plane autonomous system corresponding 
to the nonlinear second-order differential equation x" + x — x? = 0 is 


y= —X 


Find and classify (if possible) the critical points. 


SOLUTION Since x? — x = x(x? — 1), the critical points are (0, 0), (1, 0), and 
(— 1, 0). The corresponding Jacobian matrices are 


0 I 


0 I1 
1 7! A, = g'((1, 0)) = g'(—1, 0)) = ( ) 


A, = g'((0,0)) = (_ E 


Since det A» < 0, critical points (1, 0) and (— 1, 0) are both saddle points. The eigen- 
values of matrix A; are +i, and according to comment (iii), the status of the critical 
point at (0, 0) remains in doubt. It may be either a stable spiral, an unstable spiral, or 
a center. E 


THE PHASE-PLANE METHOD The linearization method, when successful, can 
provide useful information on the local behavior of solutions near critical points. It 
is of little help if we are interested in solutions whose initial position X(0) = Xo 
is not close to a critical point or if we wish to obtain a global view of the family of 
solution curves. The phase-plane method is based on the fact that 


dy  dy/dt _ Qx, y) 
dx — dx/dt P(x,y) 


and attempts to find y as a function of x using one of the methods available for solv- 
ing first-order differential equations (Chapter 2). As we show in Examples 8 and 9, 
the method can sometimes be used to decide whether a critical point such as (0, 0) in 
Example 7 is a stable spiral, an unstable spiral, or a center. 


FIGURE 10.3.8 Phase portrait of 


nonlinear system in Example 8 


FIGURE 10.3.9 Phase portrait of 


nonlinear system in Example 9 
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| EXAMPLE 8  Phase-Plane Method 


Use the phase-plane method to classify the sole critical point (0, 0) of the plane 
autonomous system 

x= yy 

y =x. 


SOLUTION The determinant of the Jacobian matrix 


"A E 
goo -( 7) 


is 0 at (0, 0), so the nature of the critical point (0, 0) remains in doubt. Using the 
phase-plane method, we obtain the first-order differential equation 


dy dyídt x 


dx dx/dt y” 


which can be easily solved by separation of variables: 
[eas fea or y-x-cc. 


If X(0) = (0, yo), it follows that y? = x + yZory = Vo + y}. Figure 10.3.8 shows 
a collection of solution curves corresponding to various choices for yo. The nature of 
the critical point is clear from this phase portrait: No matter how close to (0, 0) the 
solution starts, X(f) moves away from the origin as t increases. The critical point at 
(0, 0) is therefore unstable. [| 


l EXAMPLE 9  Phase-Plane Analysis of a Soft Spring 


Use the phase-plane method to determine the nature of the solutions to x” + x — x? = 0 
in a neighborhood of (0, 0). 


SOLUTION If we let dx/dt = y, then dy/dt = x? — x. From this we obtain the first- 
order differential equation 


dy. dyldt, x —x 
dx — dx/dt y 


which can be solved by separation of variables. Integrating 


2 


4 
y x 

dy = 5 — od i po 
[os fe x) dx gives 5 4 


After completing the square, we can write the solution as y? = ic — 1)? + cg. If 
X(0) = (xo, 0), where 0 < xy < 1, then cọ = -i XQ — 1)’, and so 


2 


œ- -I _ -r =a =2) 
je = 


2 2 2 


Note that y = 0 when x = —xp. In addition, the right-hand side is positive when 
—Xo < x < xo, so each x has two corresponding values of y. The solution X = X(t) 
that satisfies X(0) = (xo, 0) is therefore periodic, so (0, 0) is a center. 

Figure 10.3.9 shows a family of solution curves, or phase portrait, of the origi- 
nal system. We used the original plane autonomous system to determine the direc- 
tions indicated on each trajectory. a 
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EXERCISES 10.3 


Answers to selected odd-numbered problems begin on page ANS-17. 


1. Show that (0, 0) is an asymptotically stable critical point 
of the nonlinear autonomous system 
x =ax- By+y 
y' = Bx + ay — xy 


when «æ < 0 and an unstable critical point when a > 0. 
[Hint: Switch to polar coordinates. ] 


2. When expressed in polar coordinates, a plane autonomous 


system takes the form 
dr 
— = 5 — 
di ar( r) 
d0 

dt 


Show that (0, 0) is an asymptotically stable critical point 
if and only if a < 0. 


In Problems 3—10, without solving explicitly, classify the 
critical points of the given first-order autonomous differen- 
tial equation as either asymptotically stable or unstable. All 
constants are assumed to be positive. 


dx dx X 


. — = +1= oS == — > 
3 E kx(n t 1 — x) 4 E? kx In E x20 
dT 
5. — = k(T = To) 6. m — — mg — kv 
dt 
dx 
7. = k(a — xyB—x, oap 
dt 
dx 
8. di = k(a — XB —x(y—-x), a>B>y 
P 
9, < = P(a — bP(1 — cP"), P>0,a< bc 
dA 
10. u NAR VA), A>O 


In Problems 11—20 classify (if possible) each critical point 
of the given plane autonomous system as a stable node, a sta- 
ble spiral point, an unstable spiral point, an unstable node, or 
a saddle point. 


11. x’ 2 1 — 2xy 12.  2x2- y? —1 
y = 2xy—y y = 2y 

13. x’ =y—x74+2 14. x' = 2x - y? 
y =x? xy y'=-y+ xy 


15. x! = -3x + y? +2 16. x’ = xy -3y- 4 
pog 


17. x' = —2xy 
y =y-xt+xy- y? 


18. x' 2 x(1 — x? — 3y?) 
y =y8 -x — 3y) 


19. x' = x(10 — x — 1) 20. x! = -2x - y+ 10 


y 
yt+5 


y' 2y(16—-y-2» y '=2x-y-15 


In Problems 21 —26 classify (if possible) each critical point 
of the given second-order differential equation as a stable 
node, a stable spiral point, an unstable spiral point, an unsta- 
ble node, or a saddle point. 


21. 0" = (cos0 — 0.5) sin 0, |0| « v 


22. x" +x= (i = 3e y)a' — x? 


23. x" + x' (1 — x3) - x2 =0 


X 


24. x" * 44 + 2x’ =0 


x 


25. x” - x - ex! fore 0 
>. d 
26. x" + x — exix| = 0 fore >0 Hint: =x |x| = 2|x|. 
x 


27. Show that the nonlinear second-order differential 
equation 
(1  a2x))x" + (B + aaxx 20 
has a saddle point at (0, 0) when f < 0. 


28. Show that the dynamical system 


x’ = —ax + xy 


y =l py 


has a unique critical point when a6 > 1 and that this 
critical point is stable when £ > 0. 


29. (a) Show that the plane autonomous system 


f 


x =—-x+y- x 


y=-x-yty? 
has two critical points by sketching the graphs of 
x+y—x3=0 and —x-— y + y? = 0. Classify 

the critical point at (0, 0). 
(b) Show that the second critical 
X, — (0.88054, 1.56327) is a saddle point. 


point 


30. (a) Show that (0, 0) is the only critical point of the 
Raleigh differential equation 


Xx F e(4(x')3 = x) +x=0. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


(b) Show that (0, 0) is unstable when e > 0. When is 
(0, 0) an unstable spiral point? 

(c) Show that (0, 0) is stable when e < 0. When is (0, 0) 
a stable spiral point? 


(d) Show that (0, 0) is a center when e = 0. 


Use the phase-plane method to show that (0, 0) is a cen- 
ter of the nonlinear second-order differential equation 
x" + 2x? — 0. 


Use the phase-plane method to show that the solution 
to the nonlinear second-order differential equation 
x" + 2x — x? = 0 that satisfies x(0) = 1 and x'(0) = 0 
is periodic. 


(a) Find the critical points of the plane autonomous 
system 


x’ = 2xy 
yol=x+y’, 


and show that linearization gives no information 
about the nature of these critical points. 


(b) Use the phase-plane method to show that the criti- 
cal points in (a) are both centers. 
[Hint Let u=y*/x and 
a-o +y S= ce 1.] 


show that 


The origin is the only critical point of the nonlinear 
second-order differential equation x" + (x')? + x = 0. 


(a) Show that the phase-plane method leads to the 


Bernoulli differential equation dy/dx = —y — xy"!. 


(b) Show that the solution satisfying x(0) =} and 
x'(0) = 0 is not periodic. 


A solution of the nonlinear second-order differential 
equation x" --x —x? — 0 satisfies x(0)=0 and 
x'(0) = vo. Use the phase-plane method to determine 
when the resulting solution is periodic. [Hint: See 
Example 9.] 


The nonlinear differential equation x" + x = 1 + ex? 
arises in the analysis of planetary motion using relativ- 
ity theory. Classify (if possible) all critical points of the 
corresponding plane autonomous system. 


When a nonlinear capacitor is present in an LRC circuit, 
the voltage drop is no longer given by q/C but is more 
accurately described by ag + Bq°, where a and B are 
constants and a 0. Differential equation (34) of 
Section 5.1 for the free circuit is then replaced by 


d^q dq 
L—-— tk + ag Bg = 0. 
dP "XE 4 


38. 


39. 
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Find and classify all critical points of this nonlinear 
differential equation. [Hint: Divide into the two cases 
P 7 O0 and B « 0.] 


The nonlinear equation mx" + kx + kıx? = 0, for k > 0, 
represents a general model for the free, undamped oscil- 
lations of a mass m attached to a spring. If kı > 0, the 
spring is called hard (see Example 1 in Section 5.3). 
Determine the nature of the solutions to x" + x + x? = 0 
in a neighborhood of (0, 0). 


n * é 1 : 
The nonlinear equation 0" + sin 0 = 5 can be inter- 


preted as a model for a certain pendulum with a constant 
driving function. 


(a) Show that (7/6, 0) and (57/6, 0) are critical 
points of the corresponding plane autonomous 
system. 

(b) Classify the critical point (57/6, 0) using lin- 
earization. 


(c) Use the phase-plane method to classify the critical 
point (7 /6, 0). 


Discussion Problems 


40 


. (a) Show that (0, 0) is an isolated critical point of the 


plane autonomous system 


x' 2 x* — 2xy? 


y =2xy = y$ 


but that linearization gives no useful information 
about the nature of this critical point. 


(b 


— 


Use the phase-plane method to show that 
x? + y? = 3cxy. This classic curve is called a 
folium of Descartes. Parametric equations for a 
folium are 


3ct 


E EE er 
D. ^ 


X = > 
1+f 


[Hint: The differential equation in x and y is 
homogeneous. ] 


(c) Use graphing software or a numerical solver to 
graph solution curves. Based on your graphs, 
would you classify the critical point as stable or 
unstable? Would you classify the critical point as 
a node, saddle point, center, or spiral point? 
Explain. 
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10.44 AUTONOMOUS SYSTEMS AS MATHEMATICAL MODELS 


REVIEW MATERIAL 
e Sections 1.3, 3.3, and 10.3 


INTRODUCTION Many applications from physics give rise to nonlinear autonomous second- 
order differential equations — that is, DEs of the form x" = g(x, x’). For example, in the analysis of 
free, damped motion of Section 5.1 we assumed that the damping force was proportional to the 
velocity x’, and the resulting model mx" = —Bx' — kxisa linear differential equation. But if the mag- 
nitude of the damping force is proportional to the square of the velocity, the new differential equation 
mx" = —x'|x'| — kx is nonlinear. The corresponding plane autonomous system is nonlinear: 


x =y 
k 


— X. 
m 


nm NT 
y= yly| 
m 


In this section we will also analyze the nonlinear pendulum, motion of a bead on a curve, the Lotka- 
Voterra predator-prey models, and the Lotka-Volterra competition model. Additional models are 
presented in this exercises. 


NONLINEAR PENDULUM In (6) of Section 5.3 we showed that the displace- 
ment angle 0 for a simple pendulum satisfies the nonlinear second-order differential 
equation 

ao g. 

d? + 1 sin 0 = 0. 
When we let x = 0 and y = 6’, this second-order differential equation may be rewrit- 
ten as the dynamical system 


d 


x'-—y 
y= E. sin x 
I 4 
, req 7N The critical points are (kz, 0), and the Jacobian matrix is easily shown to be 
d N 
de N 0 1 
(96-0,0—-0 (67m -0 EC e queat g 
l 


FIGURE 10.4.1 (0, 0) is stable and 

(zr, 0) is unstable If k = 2n + 1, then A <0, and so all critical points (+(2n + 1)z, 0) are saddle 
points. In particular, the critical point at (m, 0) is unstable as expected. See 
Figure 10.4.1. When k = 2n, the eigenvalues are pure imaginary, and so the na- 
ture of these critical points remains in doubt. Since we have assumed that there are 
no damping forces acting on the pendulum, we expect that all of the critical points 
(+2nz7, 0) are centers. This can be verified by using the phase-plane method. From 


dy  dy/ídt | gsinx 
dx — dx/dt l y 


it follows that y? = (2g/1)cos x + c. IfX(0) = (xo,0), then y? = (2g/I)(cosx — cos xo). 
Note that y = 0 when x = —xo and that (2g/1)(cos x — cos xo) > 0 for |x| <|xo| < m. 
Thus each such x has two corresponding values of y, so the solution X = X(f) that 
satisfies X(0) — (xo, 0) is periodic. We may conclude that (0, 0) is a center. Observe 
FIGURE 10.4.2 Phase portrait of that x — 0 increases for solutions that correspond to large initial velocities, such as 
pendulum; wavy curves indicate that the the one drawn in red in Figure 10.4.2. In this case the pendulum spins or whirls in 
pendulum is whirling about its pivot complete circles about its pivot. 


FIGURE 10.4.3 Some forces acting 
on sliding bead 
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| EXAMPLE 1 Periodic Solutions of the Pendulum DE 


A pendulum in an equilibrium position with 0 = 0 is given an initial angular veloc- 
ity of «o rad/s. Determine the conditions under which the resulting motion is 
periodic. 


SOLUTION Weare asked to examine the solution of the plane autonomous system 
that satisfies X(0) = (0, wo). From y = (2g/1) cos x + c it follows that 


2 l 
y= (cos. 1+ o) 


To establish that the solution X(t) is periodic, it is sufficient to show that there are two 
x-intercepts x = «xo between —7 and v and that the right-hand side is positive for 
|x| < |xo|. Each such x then has two corresponding values of y. 

If y=0,cosx = 1 — (//2g)o$, and this equation has two solutions 
x= Xxo between -m and m, provided that 1 — (//2g)eQ > —1. Note that 
(2g/D (cos x — cos xo) is then positive for |x| < |xo|. This restriction on the initial 
angular velocity may be written as | 9| 2V g/l. a 


NONLINEAR OSCILLATIONS: THE SLIDING BEAD Suppose, as shown in 
Figure 10.4.3, that a bead with mass m slides along a thin wire whose shape is de- 
scribed by the function z = f(x). A wide variety of nonlinear oscillations can be ob- 
tained by changing the shape of the wire and by making different assumptions about 
the forces acting on the bead. 

The tangential force F due to the weight W = mg has magnitude mg sin 0, and 


therefore the x-component of F is F, = —mg sin 0 cos 0. Since tan 0 = f'(x), we 
may use the identities 1 + tan?0 = sec?0 and sin?0 = 1 — cos?0 to conclude that 
F, = —mgsin 0cos 0 = fw) 


"S1 POP 


We assume (as in Section 5.1) that a damping force D, acting in the direction opposite 
to the motion, is a constant multiple of the velocity of the bead. The x-component of D 
is therefore D, = — Bx'. If we ignore the frictional force between the wire and the bead 
and assume that no other external forces are impressed on the system, it follows from 
Newton’s second law that 


” fe) ; 
mx mg ED Bx’, 
1+ [Fo] 
and the corresponding plane autonomous system is 
x =y 
= f'@) B 
y T8 y. 


D-[ÉGP m 


If X, = (xi, yi) is a critical point of the system, y; = 0, and therefore f’(x;) = 0. The 
bead must therefore be at rest at a point on the wire where the tangent line is horizon- 
tal. When fis twice differentiable, the Jacobian matrix at X, is 


0 1 
(x ) = ( n ) 
BUM A-gf') = B/m 
sot = —B/m, A = gf"(xi), and 7? — 4A = B?/m? — 4gf"(x1). Using the results of 


Section 10.3, we can make the following conclusions: 


(i) f'Ga) < 0: 
A relative maximum therefore occurs at x = xı, and since A < 0, an 
unstable saddle point occurs at X; = (x1, 0). 
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FIGURE 10.4.4 — 7/2 and 37 /2 are 
stable. 


—T T 


FIGURE 10.4.5 8-001 


FIGURE 10.4.6 8-0 


(ii) f"(xi) > 0 and £ > 0: 
A relative minimum therefore occurs at x = xj, and since 7 < 0 and 
A > 0, X, = (x1, 0) is a stable critical point. If B? > Agm?f"(x), 
the system is overdamped, and the critical point is a stable node. If 
B? < Agm?f" (x), the system is underdamped, and the critical point is 
a stable spiral point. The exact nature of the stable critical point is still 
in doubt if 8? = 4gm7f"(x;). 

(iii) f"(xj) > 0 and the system is undamped (8 = 0): 
In this case the eigenvalues are pure imaginary, but the phase-plane 
method can be used to show that the critical point is a center. Therefore 
solutions with X(0) = (x(0), x'(0)) near X, = (x, 0) are periodic. 


l EXAMPLE 2 Bead Sliding Along a Sine Wave 


A 10-gram bead slides along the graph of z = sin x. According to conclusion (ii), 
the relative minima at x} = —7/2 and 37 /2 give rise to stable critical points (see 
Figure 10.4.4). Since f’(—7 /2) = f"(37r /2) = 1, the system will be underdamped 
provided that 8? < 4gm?. If we use SI units, m = 0.01 kg and g = 9.8 m/s?, then the 
condition for an underdamped system becomes (3? < 3.92 X 107°. 

If B — 0.01 is the damping constant, then both of these critical points are stable 
spiral points. The two solutions corresponding to initial conditions X(0) — 
(x(0), x'(0)) = (—277, 10) and X(0) = (—27, 15), respectively, were obtained by 
using a numerical solver and are shown in Figure 10.4.5. When x'(0) — 10, the bead 
has enough momentum to make it over the hill at x = —32 /2 but not over the hill at 
x = 7/2. The bead then approaches the relative minimum based at x = —7 /2. If 
x'(0) = 15, the bead has the momentum to make it over both hills, but then it 
rocks back and forth in the valley based at x = 32/2 and approaches the point 
(34/2, —1) on the wire. Experiment with other initial conditions using your 
numerical solver. 

Figure 10.4.6 shows a collection of solution curves obtained from a numerical 
solver for the undamped case. Since 6 = 0, the critical points corresponding to 
xı = —7 /2 and 37/2 are now centers. When X(0) = (—27, 10), the bead has 
sufficient momentum to move over all hills. The figure also indicates that when 
the bead is released from rest at a position on the wire between x = —37 /2 and 
x = 7/2, the resulting motion is periodic. a 


LOTKA-VOLTERRA PREDATOR-PREY MODEL A predator-prey interaction 
between two species occurs when one species (the predator) feeds on a second 
species (the prey). For example, the snowy owl feeds almost exclusively on a com- 
mon arctic rodent called a lemming, while a lemming uses arctic tundra plants as 
its food supply. Interest in using mathematics to help explain predator-prey inter- 
actions has been stimulated by the observation of population cycles in many arctic 
mammals. In the MacKenzie River district of Canada, for example, the principal 
prey of the lynx is the snowshoe hare, and both populations cycle with a period of 
about 10 years. 

There are many predator-prey models that lead to plane autonomous systems 
with at least one periodic solution. The first such model was constructed inde- 
pendently by pioneer biomathematicians A. Lotka (1925) and V. Volterra (1926). If 
x denotes the number of predators and y denotes the number of prey, then the Lotka- 
Volterra model takes the form 


x’ = —ax + bxy = x(—a + by) 
y! = —cxy + dy = y(—cx + d), 


where a, b, c, and d are positive constants. 


FIGURE 10.4.7 Solutions near (0, 0) 
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(b) Maximum of G at y = a/b 


FIGURE 10.4.8 Graphs of F and G 
help to establish properties (1)—(3) 
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FIGURE 10.4.9 Periodic solution of 
the Lotka-Volterra model 
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Note that in the absence of predators (x = 0), y' = dy, and so the number of prey 
grows exponentially. In the absence of prey, x’ = —ax, and so the predator popula- 
tion becomes extinct. The term —cxy represents the death rate due to predation. The 
model therefore assumes that this death rate is directly proportional to the number of 
possible encounters xy between predator and prey at a particular time f, and the term 
bxy represents the resulting positive contribution to the predator population. 

The critical points of this plane autonomous system are (0, 0) and (d/c, a/b), 
and the corresponding Jacobian matrices are 


—a 0 


0 p 
0 d 


) and A, = g'((d/c, a/b)) = eA 0 


A, = g'((0,0)) = ( 
The critical point at (0, 0) is a saddle point, and Figure 10.4.7 shows a typical 
profile of solutions that are in the first quadrant and near (0, 0). 
Because the matrix A» has pure imaginary eigenvalues A = + Vad i, the criti- 
cal point (d/c, a/b) may be a center. This possibility can be investigated by using 
the phase-plane method. Since 


dy _ y(~ex + d) 
dx  x(—a + byy 


we separate variables and obtain 


-ath -cx +d 
Í : ay f XTT dy 
y X 


(x/e "(ye 9) = co. 


—alny + by = —cx + dlnx + cı or 


The following argument establishes that all solution curves that originate in the first 
quadrant are periodic. 

Typical graphs of the nonnegative functions F(x) = x4e~°* and G(y) = y*e P" are 
shown in Figure 10.4.8. It is not hard to show that F(x) has an absolute maximum 
at x = d/c, whereas G(y) has an absolute maximum at y = a/b. Note that with the 
exception of 0 and the absolute maximum, F and G each take on all values in their 
range precisely twice. 

These graphs can be used to establish the following properties of a solution 
curve that originates at a noncritical point (xo, yo) in the first quadrant: 


(i) Ify = a/b, the equation F(x)G(y) = co has exactly two solutions xm and 
xy that satisfy xm < d/c < xy. 


(ii) If X_ «€ x; € xy and x = xj, then F(x)G(y) = co has exactly two 
solutions y; and y; that satisfy yı < a/b < y». 
(iii) If x is outside the interval [x,,, xy], then F(x)G(y) = co has no solutions. 


We will give the demonstration of (7) and outline parts (ii) and (iii) in the exer- 
cises. Since (xo, yo) # (d/c, a/b), F(xo)G(yo) < F(d/c)G(a/b). If y = a/b, then 
Co F(x)GCy) _ F(d/c)G(a/b) 
G(a/ b) G(a/ b) G(a/ b) 


= F(d/c). 


Therefore F(x) = co/G(a/b) has precisely two solutions x,, and xy that satisfy 
Xm < d/c < xy. The graph of a typical periodic solution is shown in Figure 10.4.9. 


| EXAMPLE 3  Predator-Prey Population Cycles 


If weleta = 0.1, b = 0.002, c = 0.0025, and d = 0.2 in the Lotka-Volterra predator- 
prey model, the critical point in the first quadrant is (d/c, a/b) = (80, 50), and we 
know that this critical point is a center. See Figure 10.4.10, in which we have used 
a numerical solver to generate these cycles. The closer the initial condition Xo is 
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FIGURE 10.4.10 Phase portrait of the 
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to (80, 50), the more the periodic solutions resemble the elliptical solutions 
to the corresponding linear system. The eigenvalues of g'((80, 50)) are 
A = +Vad i = +V2/10 i, and so the solutions near the critical point have period 
p = 10 V27, or about 44.4. E 


LOTKA-VOLTERRA COMPETITION MODEL A competitive interaction 
occurs when two or more species compete for the food, water, light, and space 
resources of an ecosystem. The use of one of these resources by one population 
therefore inhibits the ability of another population to survive and grow. Under what 
conditions can two competing species coexist? A number of mathematical models 
have been constructed that offer insights into conditions that permit coexistence. If x 
denotes the number in species I and y denotes the number in species II, then the 
Lotka-Volterra model takes the form 


x -—-—X[K,—uXx uy) 
A (1) 
$ 9? 
= x, me = y — ax). 


Note that in the absence of species II (y = 0), x’ = (ri/Ki)x(K; — x), and so 
the first population grows logistically and approaches the steady-state population Kı 
(see Section 3.3 and Example 4 in Section 10.3). A similar statement holds for 
species II growing in the absence of species I. The term —a@2;xy in the second equa- 
tion stems from the competitive effect of species I on species II. The model there- 
fore assumes that this rate of inhibition is directly proportional to the number of 
possible competitive pairs xy at a particular time f. 

This plane autonomous system has critical points at (0, 0), (Ki, 0), and (0, K2). 
When aj2@2; # 0, the lines Kı — x — aj2y = 0 and K» — y — a2 1x = Q intersect to 
produce a fourth critical point x=@ $). Figure 10.4.11 shows the two conditions 
under which ($, $) is in the first quadrant. The trace and determinant of the Jacobian 
matrix at (€, }) are, respectively, 
nr 
T= ty y and A=(1— anadi K 
In case (a) of Figure 10.4.11, Kı/&i2 > Kz and K2/@21 > Kı. It follows that aya; < 1, 
7 < 0, and A > 0. Since 


r rV nb 
T? sa = (22 H 2) + 4a,,a,, — D£9 —— 
E XE (0505 X KG 
2 
aT a 12 aa Tia 
—-[£——5$—]| + 4apæ X79 —., 
(z s2) 1205 "E, 


T? — 4A > 0, and so (8, $) is a stable node. Therefore if X(0) = Xo is sufficiently 
close to X — (x, $), lim,... X(t) = X, and we may conclude that coexistence is pos- 
sible. The demonstration that case (b) leads to a saddle point and the investigation of 
the nature of critical points at (0, 0), (Ky, 0), and (0, K2) are left to the exercises. 

When the competitive interactions between two species are weak, both of the 
coefficients a1 and a; will be small, so the conditions Kj/aj2 > Kz and K2/az, > Ki 
may be satisfied. This might occur when there is a small overlap in the ranges of two 
predator species that hunt for a common prey. 


| EXAMPLE 4 A Lotka-Volterra Competition Model 


A competitive interaction is described by the Lotka-Volterra competition model 
x' = 0.004x(50 — x — 0.75y) 
y' = 0.001y(100 — y — 3.0x). 

Classify all critical points of the system. 
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SOLUTION You should verify that critical points occur at (0, 0), (50, 0), (0, 100) 

and at (20, 40). Since aj2a@2; = 2.25 > 1, we have case (b) in Figure 10.4.11, so the 
critical point at (20, 40) is a saddle point. The Jacobian matrix is 

aD = te — 0.008x — 0.003y —0.003x ) 

8 —0.003y 0.1 — 0.002y — 0.003x/’ 


and we obtain 


0.2 0 —0.2  —0.15 —0.1 0 
É = , = : f ; 1 = A 
E 0 a g (60, 0) 0 2] g (0, 100) igo: i) 
Therefore (0, 0) is an unstable node, whereas both (50, 0) and (0, 100) are stable 
nodes. (Check this!) [| 


Coexistence can also occur in the Lotka-Volterra competition model if there is at 
least one periodic solution that lies entirely in the first quadrant. It is possible to 
show, however, that this model has no periodic solutions. 


EX E RC | S E S 1 0 i 4 Answers to selected odd-numbered problems begin on page ANS-17. 


(b) Show that the maximum height zmax to which the 
bead rises is given by Zmax = le (1 + x3) — 1]. 


Nonlinear Pendulum 


1. A pendulum is released at 0 = 7 /3 and is given an ini- 
tial angular velocity of wo rad/s. Determine the condi- 
tions under which the resulting motion is periodic. 


6. Rework Problem 5 with z = cosh x. 


2. (a) If a pendulum is released from rest at 0 = 60, show 
that the angular velocity is again 0 when 0 = — 06. 
(b) The period T of the pendulum is the amount of time 
needed for 0 to change from 09 to —00 and back to 

0o. Show that 


Predator-Prey Models 


7. (Refer to Figure 10.4.9.) If xm < xı < xy and x = xi, 
show that F(x)G(y) = co has exactly two solutions y; 
and y» that satisfy yı < a/b < y». [Hint: First show that 
G(y) = co/FGa) € G(a/b).] 


2L | % 1 
T= dé. j jii i- 
2 Í a Vecos 8 — cos Oo 8. From (i) and (iii) on page 391, conclude that the maxi 


mum number of predators occurs when y — a/b. 


9. In many fishery science models, the rate at which a 
species is caught is assumed to be directly proportional 
to its abundance. If both predator and prey are being 


Sliding Bead 


3. A bead with mass m slides along a thin wire whose shape 


is described by the function z = f(x). If X; = (xi, yı) is a 
critical point of the plane autonomous system associated 
with the sliding bead, verify that the Jacobian matrix at 
Xi is 


(X) ( 0 1 ) 
g — n" d 
^ V-gf'm) —B/m 

. A bead with mass m slides along a thin wire whose 
shape is described by the function z — f(x). When 
f'(x) = 0, f"(xi) > 0, and the system is undamped, 
the critical point X, = (xj, 0) is a center. Estimate 
the period of the bead when x(0) is near x, and 
x'(0) = 0. 


. A bead is released from the position x(0) = xo on the 

curve z = x?/2 with initial velocity x'(0) = vo cm/s. 

(a) Use the phase-plane method to show that the 
resulting solution is periodic when the system is 
undamped. 


exploited in this manner, the Lotka- Volterra differential 
equations take the form 


, 


= —ax + bxy — Ex 


* 


y = —cxy + dy — &y, 


where e; and e» are positive constants. 

(a) When e» « d, show that there is a new critical point 
in the first quadrant that is a center. 

(b) Volterra's principle states that a moderate amount 
of exploitation increases the average number of prey 
and decreases the average number of predators. 
Is this fisheries model consistent with Volterra's 
principle? 


10. A predator-prey interaction is described by the Lotka- 


Volterra model 


x’ = —0.Ix + 0.02xy 
y' = 0.2y — 0.025xy. 
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(a) Find the critical point in the first quadrant, and use 
a numerical solver to sketch some population 
cycles. 


(b) Estimate the period of the periodic solutions that 
are close to the critical point in part (a). 


Competition Models 


11. 


12. 
13. 


14. 


15. 


A competitive interaction is described by the Lotka- 
Volterra competition model 


x' = 0.08x(20 — 0.4x — 0.3y) 

y' = 0.06y(10 — 0.1y — 0.3x). 
Find and classify all critical points of the system. 
In (1) show that (0, 0) is always an unstable node. 


In (1) show that (Kj, 0) is a stable node when 
Kı > K»/a», and a saddle point when Kı < K5/a. 


Use Problems 12 and 13 to establish that (0, 0), (K1, 0), 
and (0, K2) are unstable when X = ($, $) is a stable 
node. 


In (1) show that Xx (x, $) is a saddle point when 
K,/a42 < K> and Ky /ar sd Kj. 


Miscellaneous Mathematical Models 


16. 


17. 


Damped Pendulum If we assume that a damping 
force acts in the direction opposite to the motion of a 
pendulum and with a magnitude directly proportional to 
the angular velocity d0/dt, the displacement angle 0 for 
the pendulum satisfies the nonlinear second-order dif- 
ferential equation 


, 4? in dé 
= aye Oh = 8 — 
m mg B : 


(a) Write the second-order differential equation as a 
plane autonomous system. Find all critical points of 
the system. 

(b) Find a condition on m, l, and B that will make (0, 0) 
a stable spiral point. 


Nonlinear Damping In the analysis of free, damped 
motion in Section 5.1 we assumed that the damping force 
was proportional to the velocity x'. Frequently, the magni- 
tude of this damping force is proportional to the square of 
the velocity, and the new differential equation becomes 


n B i , k 
x = = 2 |x| = — me, 

m m 
(a) Write the second-order differential equation as a 
plane autonomous system, and find all critical points. 
(b) The system is called overdamped when (0, 0) is a 
stable node and is called underdamped when (0, 0) 


is a stable spiral point. Physical considerations sug- 
gest that (0, 0) must be an asymptotically stable 
critical point. Show that the system is necessarily 


. d 
underdamped. Lr 4, Ob) = 2|y|. 
y 


Discussion Problems 


18. 


19. 


20. 


A bead with mass m slides along a thin wire whose 
shape may be described by the function z = f(x). Small 
stretches of the wire act like an inclined plane, and 
in mechanics it is assumed that the magnitude of the 
frictional force between the bead and wire is directly 
proportional to mg cos 0 (see Figure 10.4.3). 


(a) Explain why the new differential equation for the 
x-coordinate of the bead is 


B 
ELFO m 


ji i —f1x 
X 


for some positive constant ju. 


(b) Investigate the critical points of the correspond- 
ing plane autonomous system. Under what condi- 
tions is a critical point a saddle point? A stable 
spiral point? 


An undamped oscillation satisfies a nonlinear second- 
order differential equation of the form x” + f(x) = 0, 
where f(0) = 0 and xf (x) > 0 for x # Oand —d < x < d. 
Use the phase-plane method to investigate whether it 
is possible for the critical point (0, 0) to be a stable 
spiral point. [Hint: Let F(x) = f$ f(u) du and show 
that y? + 2F(x) = c.] 


The Lotka-Volterra predator-prey model assumes that 
in the absence of predators the number of prey grows 
exponentially. If we make the alternative assumption 
that the prey population grows logistically, the new 
system is 


1 


x’ = —ax + bxy 


; 
'= + K : 
y cxy ty. y( y) 


where a, b, c, r, and K are positive and K > a/b. 


(a) Show that the system has critical points at 
(0, 0), (0, K), and (%,5), where $= a/b and 


=L ue 
Cx K $). 
(b 


— 


Show that the critical points at (0, 0) and (0, K) 

are saddle points, whereas the critical point at 

(&, $) is either a stable node or a stable spiral point. 

(c) Show that ($,9) is a stable spiral point if 
ADK? 

r t 4bK 

when the carrying capacity K of the prey is large. 


$« . Explain why this case will occur 


21. 


The dynamical system 


x’ =a 


p» ce x -ytB 
y 


arises in a model for the growth of microorganisms in 
a chemostat, a simple laboratory device in which a 
nutrient from a supply source flows into a growth 
chamber. In the system, x denotes the concentration of 
the microorganisms in the growth chamber, y denotes 


22. 
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the concentration of nutrients, and a > 1 and B > 0 
are constants that can be adjusted by the experimenter. 
Find conditions on a and £ that ensure that the system 
has a single critical point (€, $) in the first quadrant, 
and investigate the stability of this critical point. 


Use the methods of this chapter together with a numeri- 
cal solver to investigate stability in the nonlinear 
spring/mass system modeled by 


x" + 8x -—6 +x =O. 


See Problem 8 in Exercises 5.3. 


CHAPTER 10 IN REVIEW 


Answers to selected odd-numbered problems begin on page ANS-18. 


Answer Problems 1—10 without referring back to the text. 
Fill in the blank, or answer true or false. 


1. 


The second-order differential equation 
x" + f(x') + g(x) =0 can be written as a plane 
autonomous system. 


. If X = X(t) is a solution to a plane autonomous system 


and X(t;) = X(t5) for t; # t2, then X(t) is a periodic 
solution. 


. If the trace of the matrix A is 0 and det A # 0, then the 


critical point (0, 0) of the linear system X' = AX may 
be classified as 


. If the critical point (0, 0) of the linear system X' = AX 


is a stable spiral point, then the eigenvalues of A 
are 


. If the critical point (0, 0) of the linear system X' = AX 


is a saddle point and X = X(t) is a solution, then 
lim,_... X(f) does not exist. 


. If the Jacobian matrix A = g'(X1) at a critical point of a 


plane autonomous system has positive trace and determi- 
nant, then the critical point X, is unstable. 


. It is possible to show, using linearization, that a 


nonlinear plane autonomous system has periodic 
solutions. 


. All solutions to the pendulum equation 
d?0 
d? ES 7 sin 0 = 0 are periodic. 

. For what value(s) of œ does the plane autonomous 


system 
x’ = ax — 2y 


, 


y ——axty 


possess periodic solutions? 


10. 


11. 


12. 


13. 


14. 


15. 


For what values of n is x = nm an asymptotically stable 
critical point of the autonomous first-order differential 
equation x' — sin x? 


Solve the nonlinear plane autonomous system 
x'-——y-— (Vez x yy 
y 2 x - yl væ + y). 


by switching to polar coordinates. Describe the geomet- 
ric behavior of the solution that satisfies the initial con- 
dition X(0) — (1, 0). 


Discuss the geometric nature of the solutions to the lin- 
ear system X' — AX given that the general solution is 


1\ _ lY. 
(a) X(r) = ai(| Je t of je 2 


1\ _ 1 
(b) X(t) = a( 1e t + «(De 


Classify the critical point (0, 0) of the given linear sys- 
tem by computing the trace 7 and determinant A. 


(a) x’ = —3x + 4y (b) x' = —3x + 2y 
y = —5x + 3y y ==2x +y 


Find and classify (if possible) the critical points of the 
plane autonomous system 


x =x + xy — 3x 
y = 4y — 2xy — y. 


Determine the value(s) of œ for which (0, 0) is a stable 
critical point for the plane autonomous system (in polar 
coordinates) 


0' — 1. 
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17. 


18. 


19. 
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Classify the critical point (0, 0) of the plane autonomous 
system corresponding to the nonlinear second-order dif- 
ferential equation 


x" + wa? —10x +x =0, 
where u is a real constant. 


Without solving explicitly, classify (if possible) the crit- 
ical points of the autonomous first-order differential 
equation x’ = (x? — 1)e ^?" as asymptotically stable or 
unstable. 


Use the phase-plane method to show that the solutions 
to the nonlinear second-order differential equation 
x" = —2x V(x' + 1 that satisfy x(0)- xo and 
x'(0) = 0 are periodic. 


In Section 5.1 we assumed that the restoring force F of 
the spring satisfied Hooke's law F — ks, where s is the 
elongation of the spring and k is a positive constant of 
proportionality. If we replace this assumption with the 
nonlinear law F = ks?, the new differential equation for 
damped motion of the hard spring becomes 


mx" = —Bx' — k(s + x + mg, 


where ks? = mg. The system is called overdamped 
when (0, 0) is a stable node and is called underdamped 
when (0, 0) is a stable spiral point. Find new conditions 
on m, k, and B that will lead to overdamping and 
underdamping. 


20. The rod of a pendulum is attached to a movable joint at 


a point P and rotates at an angular speed of w (rad/s) in 
the plane perpendicular to the rod. See Figure 10.R.1. 
As a result the bob of the rotating pendulum experiences 
an additional centripetal force, and the new differential 
equation for 0 becomes 
d?0 : : d0 
ml — = w’ml sin 0 cos 0 — mg sin 0 — B —. 
dt^ dt 

(a) If o9? « g/l, show that (0, 0) is a stable critical 
point and is the only critical point in the domain 
—T <@< 7. Describe what occurs physically 
when 0(0) = 60, 0'(0) = 0, and 09 is small. 

(b) If 9? > g/l, show that (0, 0) is unstable and there are 
two additional stable critical points ( +6, 0) in the 
domain —7 < 0 < m. Describe what occurs physi- 
cally when 0(0) = 06, 0'(0) = 0, and 0o is small. 


FIGURE 10.R.1 Rotating pendulum in Problem 20 
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CHAPTER 11 IN REVIEW 


In calculus you saw that two nonzero vectors are orthogonal when their inner 
(dot) product is zero. Beyond calculus the notions of vectors, orthogonality, and 
inner product often lose their geometric interpretation. These concepts have been 
generalized; it is perfectly common in mathematics to think of a function as a 
vector. We can then say that two different functions are orthogonal when their inner 
product is zero. We will see in this chapter that the inner product of these vectors 
(functions) is actually a definite integral. 

The concepts of orthogonal functions and the expansion of a given function fin 
terms of an infinite set of orthogonal functions is fundamental to the material that is 


covered in Chapters 12 and 13. 
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ORTHOGONAL FUNCTIONS AND FOURIER SERIES 


11.1 ORTHOGONAL FUNCTIONS 


REVIEW MATERIAL 


e The notions of generalized vectors and vector spaces can be found in any linear algebra text. 


INTRODUCTION The concepts of geometric vectors in two and three dimensions, orthogonal 
or perpendicular vectors, and the inner product of two vectors have been generalized. It is perfectly 
routine in mathematics to think of a function as a vector. In this section we will examine an inner 
product that is different from the one you studied in calculus. Using this new inner product, we 
define orthogonal functions and sets of orthogonal functions. Another topic in a standard calculus 
course is the expansion of a function f in a power series. In this section we will also see how to 
expand a suitable function fin terms of an infinite set of orthogonal functions. 


INNER PRODUCT Recall that if u and v are two vectors in 3-space, then the 
inner product (u, v) (in calculus this is written as u* v) possesses the following 
properties: 

(i) (u, v) = (v, u), 

(ii) (ku, v) = k(u, v), k a scalar, 

(iii) (u, u) = 0 ifu = 0 and (u, u) > O ifu 4 0, 

(iv) (u + v, w) = (u, w) + (v, w). 
We expect that any generalization of the inner product concept should have these 
same properties. 

Suppose that f, and f» are functions defined on an interval [a, P]." Since a definite 


integral on [a, b] of the product f(x) f2(x) possesses the foregoing properties (7)-(iv) 
whenever the integral exists, we are prompted to make the following definition. 


|DEFINITION 11.1.1 Inner Product of Functions 


The inner product of two functions fı and f? on an interval [a, b] is the 
number 


D 
(fi. f2) = f ronwa 


ORTHOGONAL FUNCTIONS Motivated by the fact that two geometric vectors 
u and v are orthogonal whenever their inner product is zero, we define orthogonal 
functions in a similar manner. 


DEFINITION 11.1.2 Orthogonal Functions 


Two functions f| and f? are orthogonal on an interval [a, b] if 


b 
us = Í Fi @) fax) dx = 0. (1) 


"The interval could also be (—%, oc), [0, co), and so on. 
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For example, the functions fi(x) = x? and fo(x) = x? are orthogonal on the interval 
{—1, 1], since 


1 1 1 
(fifa) -Í X dx = ex? =0. 
=] 


=] 


Unlike in vector analysis, in which the word orthogonal is a synonym for perpendic- 
ular, in this present context the term orthogonal and condition (1) have no geometric 
significance. 


ORTHOGONAL SETS We are primarily interested in infinite sets of orthogonal 
functions. 


DEFINITION 11.1.3 Orthogonal Set 


A set of real-valued functions ($9), $1(x), $20),...) is said to be 
orthogonal on an interval [a, b] if 


b 
(Pm Pa) = I P(X) Pa(x) dx = 0, ms n. (2) 


ORTHONORMAL SETS The norm, or length ||ul|, of a vector u can be expressed 
in terms of the inner product. The expression (u, u) = ||ul| is called the square norm, 
and so the norm is |u|] = Vu, u). Similarly, the square norm of a function ¢, 
is lol = (pn, pn) and so the norm, or its generalized length, is 
lb. G9|| = V(b, n). In other words, the square norm and norm of a function 4, in 
an orthogonal set {ġ,„(x)} are, respectively, 


b b 
lb. col? -Í dn(x)dx and pl Jl pix) dx. (3) 


If {%,(x)} is an orthogonal set of functions on the interval [a, b] with the property 
that |o, || = 1 for n = 0, 1, 2,..., then (6,0) is said to be an orthonormal set 
on the interval. 


| EXAMPLE 1 Orthogonal Set of Functions 


Show that the set {1, cos x, cos 2x, . . .} is orthogonal on the interval [—7, 7]. 


SOLUTION If we make the identification $o(x) = 1 and $,(x) = cos nx, we must 
then show that [7, do(x) p, (x) dx = 0, n # 0, and [Z> Pn) p, (x) dx = 0, m 7 n. 
We have, in the first case, 


T 
cos nx dx 
T 


(do, Pa) = f. px) p, (x) dx = f 


T 


1 
= — sin nx = —[sin nz — sin(—n7)] = 0, n # 0, 
n n 


I 
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and, in the second, 


(Pms Pn) = f Pn) b, (x) dx 


T 
f cos mx cos nx dx 
T 


1 T 
= f [cos(m + n)x + cos(m — n)x] dx < trig identity 


i 
l|sin(m + nx  sin(m — n)x |” 

= + = 0, mF n. [| 
2 m+n m-n = 


| EXAMPLE 2 Norms 


Find the norm of each function in the orthogonal set given in Example 1. 


SOLUTION For (x) = 1 we have, from (3), 


kol = | 


dx = 27, 


so ||ho(x)|| = V2. For $,(x) = cos nx, n > 0, it follows that 


7 1 T 
lor œ| -Í cos?nx dx = 3i [1 + cos 2nx] dx = m. 


Thus for n > 0, 


lbn(x)|| = Vi. [ | 


Any orthogonal set of nonzero functions ($,(x)), n = 0, 1, 2, ... can be 
normalized—that is, made into an orthonormal set — by dividing each function by 
its norm. It follows from Examples 1 and 2 that the set 


| ] cosx cos 2x | 
Via Va Vm 
is orthonormal on the interval [—77, 7 ]. 
We shall make one more analogy between vectors and functions. Suppose 
V1, V2, and v3 are three mutually orthogonal nonzero vectors in 3-space. Such an 


orthogonal set can be used as a basis for 3-space; that is, any three-dimensional vec- 
tor can be written as a linear combination 


Uu — civi t C5V5 + C3V3, (4) 


where the c;, i — 1, 2, 3, are scalars called the components of the vector. Each 
component c; can be expressed in terms of u and the corresponding vector v;. To see 
this, we take the inner product of (4) with v;: 


(u, vi) = ei(vi, v1) + evo. vi) + €3(¥3, vi) = cillvil + c2°0 + €3°0. 


u,v 
Hence ĉi = Tr b 
1 


In like manner we find that the components c2 and c3 are given by 


_ u, v) 


Pa _ (U, vj) 
"o dv 


and = : 
57 dq 
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Hence (4) can be expressed as 


= EM) . 059). . Qu. 3 (u, v,) " (5) 
3 . 
lv? © dv? sl? sci dv ” 


ORTHOGONAL SERIES EXPANSION Suppose ($,(x)] is an infinite orthogo- 
nal set of functions on an interval [a, b]. We ask: If y — f(x) is a function defined on 
the interval [a, b], is it possible to determine a set of coefficients c,, n = 0,1,2,..., 
for which 


f(x) = Cobo) + epa) t o teo) tcc? (6) 


As in the foregoing discussion on finding components of a vector we can find the 
coefficients c, by utilizing the inner product. Multiplying (6) by $,,(x) and integrating 
over the interval [a, b] gives 


b b b b 
li f Cod (x) dx = of ho(x) d (x) dx + a[ Pi pna) dx +--+ «[ dux) bm(x) dx +++ 
= Co( o, Pn) + c(h), Pn) DPI Ca (Pr Pn) Tees 


By orthogonality each term on the right-hand side of the last equation is zero except 
when m = n. In this case we have 


b b 
f F(x) 4,0) dx = c, f ds (x) dx. 


It follows that the required coefficients are 


MMIOLAOL PE 


" f pa)dx 
In other words, fe) = p capa), (7) 
n=0 
BHIOEXOLE 

where = Isr (8) 

With inner product notation, (7) becomes 

S (59) 

= ———— ; 9 
fœ% > lawr 9 (9) 


Thus (9) is seen to be the function analogue of the vector result given in (5). 


DEFINITION 11.1.4 Orthogonal Set/Weight Function 


A set of real-valued functions ($o(x), $i(x), 62(x),...} is said to be 
orthogonal with respect to a weight function w(x) on an interval [a, b] if 


b 
Í WX) Pn NO dx =0, mEn. 


The usual assumption is that w(x) > 0 on the interval of orthogonality [a, b]. 
The set (1, cos x, cos 2x, . . .} in Example 1 is orthogonal with respect to the weight 
function w(x) = 1 on the interval [~ m, 7 ]. 

If ($,(x)] is orthogonal with respect to a weight function w(x) on the interval 
[a, b], then multiplying (6) by w(x)$, (x) and integrating yields 


_ fofeowQeo d, 0) dx 
: Tc) — ^ 


(10) 


Cc 
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b 
where loew]? = Í w(x) $2 Q9) dx. (11) 


The series (7) with coefficients given by either (8) or (10) is said to be an orthogonal 
series expansion of f or a generalized Fourier series. 


COMPLETE SETS The procedure outlined for determining the coefficients c, was 
formal; that is, basic questions about whether or not an orthogonal series expansion 
such as (7) is actually possible were ignored. Also, to expand fin a series of orthogo- 
nal functions, it is certainly necessary that f not be orthogonal to each $, of the orthog- 
onal set ($,(x)]. (If f were orthogonal to every $,, then c, = 0, n = 0, 1,2,....) To 
avoid the latter problem, we shall assume, for the remainder of the discussion, that an 
orthogonal set is complete. This means that the only function that is orthogonal to 
each member of the set is the zero function. 


| EXERCISES 11.1 


Answers to selected odd-numbered problems begin on page ANS-18. 


In Problems 1—6 show that the given functions are orthog- 15. Let ($,(x)] be an orthogonal set of functions on [a, b] 


onal on the indicated interval. 


. fico =x, foe) = x; [-2,2] 


. fic 2 x5, 6) =x? +1; [71,1] 
(0, 2] [2 (ax + Bd.) dx = 0 for n —2, 3,... and any 


» fi@) = e* fax) — xe * —e *; 


1 
2 
3 
4. fi(x) = cos x, fo(x) = sin?x; [0, v] 
5. fi) =x, fo) = cos 2x; [~m /2, m /2] Show that lon + prl = |o, CO? + lC) 
6 


such that @o(x) = 1. Show that IE) dx — 0 for 
n=1,2,.... 


16. Let ($,(x)] be an orthogonal set of functions on [a, b] 
such that $o(x)-71 and ġı(x)=x. Show that 


constants o and f. 


17. Let ($,(x)) be an orthogonal set of functions on [a, b]. 
2 


. fi) = e*fo(x) = sinx;  [m/4, 5/4] m * n. 


In Problems 7—12 show that the given set of functions is 
orthogonal on the indicated interval. Find the norm of each 


function in the set. 


18. From Problem 1 we know that f(x) = x and f;(x) = x? 
are orthogonal on the interval [—2, 2]. Find constants c; 
and c» such that f3(x) = x + cix? + cox? is orthogonal 
to both fı and fz on the same interval. 


7. {sin x, sin 3x, sin5x,...5; [0,7/2] 19. The set of functions (sin nx}, n= 1, 2, 3,..., is 


8. {cos x, cos 3x, cos 5x,...}; [0,7 /2] 
9. {sinnx},n = 1,2,3,...; [0,7] 


10. {sn "s -1,2,3,...; [0p] 
p 


11. fi, cos "s Edd ss 
p 


nT mT 
12. fi, cos x, sin jJ. n= 1,2,3,..., 
p p 


m=1,2,3,...; [—p,p] 


In Problems 13 and 14 verify by direct integration that the 


orthogonal on the interval [—77, 7]. Show that the set 
is not complete. 


20. Suppose f|, f2, and f5 are functions continuous on the inter- 


val [a, b]. Show that (fi + f2, f3) = Cfi. fa) + (ff). 


Discussion Problems 


[0, p] 21. A real-valued function fis said to be periodic with period 


Tiff(x + T) = f(x). For example, 47 is a period of sin x, 
since sin(x + 477r) = sin x. The smallest value of T for 
which f(x + T) = f(x) holds is called the fundamental 
period of f. For example, the fundamental period of 
f(x) = sin x is T = 277. What is the fundamental period 
of each of the following functions? 


functions are orthogonal with respect to the indicated weight (a) f(x) = cos 27x (b) f(x) = sin : x 


function on the given interval. 


(c) f(x) = sin x + sin2x (d) f(x) = sin 2x + cos 4x 


13. Hox) = 1, Hi(x) = 2x, Ho(x) = Ax? — 2; (e) f(x) = sin 3x + cos 2x 


w(x) = e7* , (—%, ©) 


14. Lo(x) = 1, Li) x +1, L(x) = 5x? — 2x + l; 


w(x) = e *, [0, ©) 


= nT . nT 
(f) f(x) = Ao * Y (4, cos —x + B, sin eza), 
n=1 P P 


A, and B, depend only on n 
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11.2 


FOURIER SERIES 


REVIEW MATERIAL 


e Reread—or, better, rework—Problem 12 in Exercises 11.1. 


INTRODUCTION We have just seen that if {do(x), p1@œ@), p(x), . . .} is an orthogonal set on an 
interval [a, b] and if fis a function defined on the same interval, then we can formally expand fin an 
orthogonal series 


CoPo(X) + ci) + Coho) t s, 


where the coefficients c, are determined by using the inner product concept. The orthogonal set of 
trigonometric functions 


T . 7T . 2T . 3T 
X,..., Sin —x, sin —x, sin —x,... (1) 
p p p 


T 27 
1, cos — x, cos — x, cos 
P 


will be of particular importance later on in the solution of certain kinds of boundary-value problems 
involving linear partial differential equations. The set (1) is orthogonal on the interval [—p, p]. 


A TRIGONOMETRIC SERIES Suppose that fis a function defined on the interval 
[—p, p] and can be expanded in an orthogonal series consisting of the trigonometric 


functions in the orthogonal set (1); that is, 


do ES nT . AT 
fm == + p a, COS — x + b, sin —x |. 
2 p p 


n-l 


The coefficients ao, a1, a2, .. . , bi, b2, ... can be determined in exactly the same 
manner as in the general discussion of orthogonal series expansions on page 401. 
Before proceeding, note that we have chosen to write the coefficient of 1 in the set (1) 
as 1 do rather than ao. This is for convenience only; the formula of a; will then reduce 


to ao for n = 0. 
Now integrating both sides of (2) from —p to p gives 


P P co p p 
f f(x) dx -2f dx + S(af cos — x dx + nf i sax) (3) 
-p 2 J-p p - p 


—p n=1 =p 


Since cos(mm x/p) and sin(nmx/p), n = 1 are orthogonal to 1 on the interval, the 


right side of (3) reduces to a single term: 


MT -afa s% 
E X. X 2 s od 2* 


P 


= pay. 


-p 


Solving for ao yields 


1}? 
ay = :[ f) dx. 
P J-p 
Now we multiply (2) by cos(m7 x /p) and integrate: 


p mar ao |? mar 
f(x) cos —xdx ==] cos—xdx 


=p p 2J-p p 


P p 
+5 " cos mix cos are dx + af cos du sin DT x dx ) (5) 
P P P P 


n=1 m —p 
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By orthogonality we have 


p p 
f cos A x dx = 0, m > 0, COS x sin x dx = 0, 
p p p 


-P TP 


P MT nT 0 m#n 
and cos x cos— x dx = 
= p p p m-mn. 
P nT 
Thus (5) reduces to f(x) cos — x dx = anp, 
zÉ p 
pp nT 
and so a=- | f(x) cos—xdx. (6) 
PJ-p P 


Finally, if we multiply (2) by sin(mzr x/p), integrate, and make use of the results 


Po ma Po mm nT 
f sin——xdx =0, m> 0, f sin x cos — x dx = 0, 
p P 


=p =p p 
Po mm, nq 0 m#n 
and sin xsin—xdx = 
=p P p p MZN, 
] [? . AT 
we find that b, =—]| fG)sin— x dx. (7) 
P J-p p 


The trigonometric series (2) with coefficients ao, an, and b, defined by (4), (6), 
and (7), respectively, is said to be the Fourier series of the function f. The coeffi- 
cients obtained from (4), (6), and (7) are referred to as Fourier coefficients of f. 

In finding the coefficients ao, an, and b,, we assumed that f was integrable on the 
interval and that (2), as well as the series obtained by multiplying (2) by cos(mar x /p), 
converged in such a manner as to permit term-by-term integration. Until (2) is shown 
to be convergent for a given function f, the equality sign is not to be taken in a strict or 
literal sense. Some texts use the symbol ~ in place of =. In view of the fact that most 
functions in applications are of a type that guarantees convergence of the series, we 
shall use the equality symbol. We summarize the results: 


DEFINITION 11.2.1 Fourier Series 


The Fourier series of a function f defined on the interval (—p, p) is given by 


f(x) = a0 +> (a, cos ae + b, sin aa (8) 
D n=1 P Pp 
1 f» 
where t | fGeodx (9) 
PIP 
1 |? n 
a, = a Heo COS x d x (10) 
P J-p P 


jg . nm 
b, = if eosin —— x dix. (11) 
P J-p P 


sy 


FIGURE 11.2.1  Piecewise-continuous 
function in Example 1 
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I EXAMPLE 1 Expansion in a Fourier Series 


Expand f@ = s EX A (12) 


T — X, 0zx«zs 
in a Fourier series. 


SOLUTION The graph of fis given in Figure 11.2.1. With p = m we have from (9) 
and (10) that 


LIT 1 9 E 1 VPI om 
a= +| fas - 1| [oa [a-oar] - 1 m JE 


1 T 1 0 T 
atf foyconcas - 2|] oae «| (x = 9 oos nx da! 
TJ-r T| J-r 0 


1 sinnx|™ 1 [7. 
= (7 — x) + sin nx dx 
T n 0 n Jo 


- 1-(-1)" 


2 
0 nT 


1 cos nx 


, 


nr n 


where we have used cos na = (— 1)". In like manner we find from (11) that 


n 


I 1 
s. -1| (m — x)sin nx dx = — 
7i Jo 


2 


T &e|l-(-1" 1. 
Therefore Jfa) == + cos nx + — sin nxp. (13) m 
4 n^ n 


n=1 


Note that a, defined by (10) reduces to ag given by (9) when we set n = 0. But 
as Example 1 shows, this might not be the case after the integral for a; is evaluated. 


CONVERGENCE OF A FOURIER SERIES The following theorem gives suffi- 
cient conditions for convergence of a Fourier series at a point. 


|THEOREM 11.2.1 Conditions for Convergence 


Let f and f' be piecewise continuous on the interval (—p, p); that is, let f and f’ 
be continuous except at a finite number of points in the interval and have only 
finite discontinuities at these points. Then the Fourier series of f on the interval 
converges to f(x) at a point of continuity. At a point of discontinuity the Fourier 
series converges to the average 


fat) + fix) 
2 ; 


where f(x+) and f(x—) denote the limit of f at x from the right and from the left, 
respectively." 


For a proof of this theorem you are referred to the classic text by Churchill and 
Brown.‘ 


"In other words, for x a point in the interval and h > 0, 


fo) jim f Eh, f(x-) jim f@ h). 


*Ruel V. Churchill and James Ward Brown, Fourier Series and Boundary Value Problems (New York: 
McGraw-Hill). 
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l EXAMPLE 2 Convergence of a Point of Discontinuity 


The function (12) in Example 1 satisfies the conditions of Theorem 11.2.1. Thus 
for every x in the interval (— m, T), except at x = 0, the series (13) will converge to 
f(x). At x = 0 the function is discontinuous, so the series (13) will converge to 


f(04)-f(0— m0 m 
2 2 2 


PERIODIC EXTENSION Observe that each of the functions in the basic set (1) 
has a different fundamental period*—namely, 2p/n, n = 1 — but since a positive in- 
teger multiple of a period is also a period, we see that all of the functions have in 
common the period 2p. (Verify.) Hence the right-hand side of (2) is 2p-periodic; 
indeed, 2p is the fundamental period of the sum. We conclude that a Fourier series 
not only represents the function on the interval (— p, p), but also gives the periodic 
extension of f outside this interval. We can now apply Theorem 11.2.1 to the peri- 
odic extension of f, or we may assume from the outset that the given function is 
periodic with period 2p; that is, f(x + 2p) = f(x). When f is piecewise continuous 
and the right- and left-hand derivatives exist at x — —p and x — p, respectively, then 
the series (8) converges to the average 


fIip-))-*fi-p*) 
2 


at these endpoints and to this value extended periodically to +3p, +5p, +7p, and 
so on. 

The Fourier series in (13) converges to the periodic extension of (12) on the 
entire x-axis. At 0, +27, +477,... and at +7, +37, +57, .. . the series converges 
to the values 


fO+) +fO-)_ a f(a—) + fle at) | 
and 
2 2 2 


0, 


respectively. The solid dots in Figure 11.2.2 represent the value 7/2. 


s s m s N 

e^, e^, e^, e" 

ji re XN ieee al Ni cal NI ae 

T i T T 1 T T X 
-4n -3m-2m -T m 2m 3m 4r 


FIGURE 11.2.2 Periodic extension of function shown in Figure 11.2.1 


SEQUENCE OF PARTIAL SUMS Itis interesting to see how the sequence of 
partial sums (Sy(x)) of a Fourier series approximates a function. For example, the 
first three partial sums of (13) are 


m 2 1 T 2 . 1, 
S(x) = 4 + aoe + sin x, and S3(x) = FI T E + sinx + z sin 2x. 


In Figure 11.2.3 we have used a CAS to graph the partial sums $3(x), Sg(x), and 
S1s(x) of (13) on the interval (—7r, 7). Figure 11.2.3(d) shows the periodic extension 
using $15(x) on (—477, 477). 


"See Problem 21 in Exercises 11.1. 


N 


— 
T 


y 
UN 
x 
f " P Pi 
=3 =2 =I 1 2 3 
(a) S3(x) 
y 
rai N 
x 
V Pi 
=3 oM 1 2 3 
(c) Sis(x) 
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^ 
3r 
2L 
1 | 

M 

£3 =2 = 1 2 

(b) Ss(x) 
y 


(d) Sis(x ) 


FIGURE 11.2.3 Partial sums of a Fourier series 


| EXERCISES 11.2 


Answers to selected odd-numbered problems begin on page ANS-18. 


In Problems 1—16 find the Fourier series of f on the given 


interval. 

1. f@) = " 

2. f(x) = [1 
3. fo) = [i 

4. f(x) = M " 
s ra - f, 

6. f(x) = Wa 
7. fG) 9 x bam; 
8. f(0 =3 — 2x, 
sof, 
10. f0) = js : 


=m LLT 
= KIAT 


-mn <x<0 
Osx<7 


—mq/2«x«0 
0zxc«m/2 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


0 —2<x<-l 
f= 7 1t-59 
A bo dere 
0, ]1zx«2 
0, —2<x<0 
f(x) = )%x, 0zx-«Il 
I, Tays 2 
1: —5«x«0 
SN O<x<5 
fG) = 2x, —2<x=<0 
mE O<x<2 
fm=e, -TW<x<7 
0, —qm«x«0 
FQ) zi l QE xm 
Use the result of Problem 5 to show that 
T 1 1 1 
+: 
6 2 3% 4 
T? 1 1 1 
and 5^! ag at 
Use Problem 


17 to find a series that gives the numerical 


value of 72/8. 
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19. Use the result of Problem 7 to show that 


20. Use the result of Problem 9 to show that 


m 1 1 1 1 1 
=- + + fee, 
4 2 1:3 355. 5-7 7*9 


21. (a) Use the complex exponential form of the cosine 


and sine, 
AT gin TXIP + e "xp 
COS x= 
p 2 
nT ein ax!p - e in Txip 
sin— x = - , 
p 2i 
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to show that (8) can be written in the complex form 


oo 
f) = > c, ei" Tp. 


n=—% 


where n = 1,2,3,.... 


(b) Show that co, cn, and c_, of part (a) can be written 
as one integral 


1 [? 
= — foe?" Txip dx, 


n = 0, +1, £2,.... 
2p J-p 


Ch 


22. Use the results of Problem 21 to find the complex form of 
the Fourier series of f(x) = e ~ on the interval [—7, 7 ]. 


11.3 


FOURIER COSINE AND SINE SERIES 


REVIEW MATERIAL 
e Sections 11.1 and 11.2 


example, 


FIGURE 11.3.1 Even function; graph 
symmetric with respect to y-axis 


FIGURE 11.3.2 Odd function; graph 


symmetric with respect to origin functions. 


evenif f(—x) = f(x) and 


INTRODUCTION The effort that is expended in evaluation of the definite integrals that define 
the coefficients the ao, an, and b, in the expansion of a function f in a Fourier series is reduced 
significantly when fis either an even or an odd function. Recall that a function fis said to be 


oddif f(-x) = —f(x). 


On a symmetric interval such as (—p, p) the graph of an even function possesses symmetry with 
respect to the y-axis, whereas the graph of an odd function possesses symmetry with respect to the 
origin. 


EVEN AND ODD FUNCTIONS It is likely that the origin of the terms even and 
odd derives from the fact that the graphs of polynomial functions that consist of all 
even powers of x are symmetric with respect to the y-axis, whereas graphs of polyno- 
mials that consist of all odd powers of x are symmetric with respect to origin. For 


[even integer 


f(x) =x iseven since f(—x) = (—x)? = x? = f(x) 


| odd integer 
f(x) = x is odd since f(—x) = (—x? = —f(x). 


See Figures 11.3.1 and 11.3.2. The trigonometric cosine and sine functions are even 
and odd functions, respectively, since cos(—x) = cos x and sin(—x) = —sin x. The 
exponential functions f(x) = e* and f(x) = e * are neither odd nor even. 


PROPERTIES The following theorem lists some properties of even and odd 
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| THEOREM 11.3.1 Properties of Even/Odd Functions 


(a) The product of two even functions is even. 

(b) The product of two odd functions is even. 

(c) The product of an even function and an odd function is odd. 
(d) The sum (difference) of two even functions is even. 

(e) The sum (difference) of two odd functions is odd. 

(f) Iffis even, then f*, f(x) dx = 2fő f(x) dx. 

(g) Iffis odd, then f4, f(x) dx = 0. 


PROOF OF (b) Let us suppose that f and g are odd functions. Then we 
have f(—x) = —f(x) and g(—x) = —g(x). If we define the product of f and g as 
F(x) = f@)g@), then 


F(—x) = f(—x)8(—x) = (-f@)(-8@)) = f@) 8@) = FQ). 


This shows that the product F of two odd functions is an even function. The proofs of 
the remaining properties are left as exercises. See Problem 48 in Exercises 11.3. B 


COSINE AND SINE SERIES If fis an even function on (—p, p), then in view of the 
foregoing properties the coefficients (9), (10), and (11) of Section 11.2 become 


IF 2|? 
4,7 5 MT d= 5 Í , fG0 dx 


1 p P 
a, = Ho cos x dx = T f(x) cos ^ x dx 
even 


1 f^ 
b=5 f. f(x) sin ex dx =0 
— 


odd 


Similarly, when fis odd on the interval (—p, p), 


21? . n 
4,70, n=0,1,2,..., b, =-] fx) sin— x dx. 
P Jo p 


We summarize the results in the following definition. 


DEFINITION 11.3.1 Fourier Cosine and Sine Series 


(i) The Fourier series of an even function on the interval (—p, p) is the 
cosine series 


f@ = EN ET x. (1) 
2 p 


n-l 


2 (» 
where ay = — i F(x) dx (2) 
P Jo 


32 n 
TDCi) COS x dx. (3) 
P Jo p 
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y=x, -2<x<2 


FIGURE 11.3.3 Odd function in 
Example 1 


FIGURE 11.3.5 Odd function in 
Example 2 


(ti) The Fourier series of an odd function on the interval (—p, p) is the sine 


series 
fe) = X b, sinx, (4) 
n=1 P 
2 P 
where b, =- Í f(x) sin me dx. (5) 
P Jo P 


| EXAMPLE 1 Expansion in a Sine Series 


Expand f(x) = x, —2 < x < 2 in a Fourier series. 


SOLUTION Inspection of Figure 11.3.3 shows that the given function is odd on the 
interval (—2, 2), and so we expand f in a sine series. With the identification 2p = 4 
we have p = 2. Thus (5), after integration by parts, is 


4(— D! 


2 nm 
b, =| xsin—xdx = 
0 2 nT 
42 (-1)""! nt 
Therefore f@ = sin — x. (6 m 
T n=1 n 2 


The function in Example 1 satisfies the conditions of Theorem 11.2.1. Hence 
the series (6) converges to the function on (—2, 2) and the periodic extension 
(of period 4) given in Figure 11.3.4. 


FIGURE 11.3.4 Periodic extension of function shown in Figure 11.3.3 


l EXAMPLE 2 Expansion in a Sine Series 


. =]; -7<x<0 — ; 
The function f(x) — shown in Figure 11.3.5 is odd on the 
1, O=x<7, 


interval (—7, 7). With p = m we have, from (5), 

2{7 . 24 = (=1)" 
b, == | (1) sinnx dx = ——— ———, 
TI Jo T 


n 


Sd et 
sin nx. (7) E 
n 


and so f(x) = - P» 


n-l 


GIBBS PHENOMENON With the aid of a CAS we have plotted the graphs S\(x), 
So(x), 53(x), and S15(x) of the partial sums of nonzero terms of (7) in Figure 11.3.6. As 
seen in Figure 11.3.6(d), the graph of S15(x) has pronounced spikes near the discontinu- 
ities at x = 0, x = 7, x = —7, and so on. This “overshooting” by the partial sums Sy 
from the functional values near a point of discontinuity does not smooth out but remains 
fairly constant, even when the value N is taken to be large. This behavior of a Fourier 
series near a point at which fis discontinuous is known as the Gibbs phenomenon. 


FIGURE 11.3.7 Even reflection 


B+ 


x 
BY 


FIGURE 11.3.8 Odd reflection 


| 
p 
ml 
ay 


fx) = fix * L) 
FIGURE 11.3.9 Identity reflection 
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The periodic extension of f in Example 2 onto the entire x-axis is a meander 
function (see page 290). 


(C TN 
1+ 
0.5} 

X 

—0.5 } 

AC ND — 

i 1-:X 3 

(a) S(x) (b) S(x) 
y y 


M A i , A : 
=3. =2 =] 1 2 3 
(d) Si(x) 


à à " à "4 
eM =] 1 2 3 
(c) S3(x) 
FIGURE 11.3.6 Partial sums of sine series (7) 


HALF-RANGE EXPANSIONS Throughout the preceding discussion it was 
understood that a function f was defined on an interval with the origin as its 
midpoint—that is, (—p, p). However, in many instances we are interested in repre- 
senting a function that is defined only for 0 < x < L by a trigonometric series. This 
can be done in many different ways by supplying an arbitrary definition of f(x) for 
—L < x < 0. For brevity we consider the three most important cases. If y = f(x) is 
defined on the interval (0, L), then 


(i) reflect the graph of f about the y-axis onto ( —L, 0); the function is now 
even on (—L, L) (see Figure 11.3.7); or 


(ii) reflect the graph of f through the origin onto (—L, 0); the function is now 
odd on (—L, L) (see Figure 11.3.8); or 


(iii) define f on (—L, 0) by y = f(x + L) (see Figure 11.3.9). 


Note that the coefficients of the series (1) and (4) utilize only the definition of 
the function on (0, p) (that is, half of the interval (—p, p)). Hence in practice there 
is no actual need to make the reflections described in (i) and (ii). If f is defined for 
0 <x € L, we simply identify the half-period as the length of the interval p = L. The 
coefficient formulas (2), (3), and (5) and the corresponding series yield either an even 
or an odd periodic extension of period 2L of the original function. The cosine and 
sine series that are obtained in this manner are known as half-range expansions. 
Finally, in case (iii) we are defining the function values on the interval (—L, 0) to be 
same as the values on (0, L). As in the previous two cases there is no real need to do 
this. It can be shown that the set of functions in (1) of Section 11.2 is orthogonal on 
the interval [a, a + 2p] for any real number a. Choosing a = —p, we obtain the 
limits of integration in (9), (10), and (11) of that section. But for a = 0 the limits of 
integration are from x = 0 to x = 2p. Thus if fis defined on the interval (0, L), we 
identify 2p = Lor p = L/2. The resulting Fourier series will give the periodic exten- 
sion of f with period L. In this manner the values to which the series converges will 
be the same on (—L, 0) as on (0, L). 
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l EXAMPLE 3 Expansion in Three Series 


Expand f(x) = 32, 0 <x < L, 
(a) in a cosine series (b) in a sine series (c) in a Fourier series. 


y SOLUTION The graph of the function is given in Figure 11.3.10. 


y=x2,0<x<L 


(a) We have 


2 fe 2 2[^. nm 4L2(-1)" 
dy = 7 vdx= 3L, dy =F | X COST xdx = cm 
0 0 n^ 


> 


where integration by parts was used twice in the evaluation of dy. 


FIGURE 11.3.10 Function is neither L Ap &(-1y üm 
x 


odd nor even. Thus f) = 3 | D 2 2 cos L (8) 
(b) In this case we must again integrate by parts twice: 
2 E 2L? =] ntl AI? 
b, = a EE ey zal Cl - 1). 
0 ni nm 
2L? oc =] ntl 
Hence f(x) = >|! 4 2 [C D" 1} sn? (9) 
TT ncl n n L 
(c) With p = L/2, 1/p = 2/L, and nz /p = 2nr / L we have 
2 [^ 2 2|. 2 L2 
a-i| vdx ==L’, a, =2| x cos T x dx = Ss, 
LJo 3 L Jo L nN T 
2|}, . 2nd L? 
and b, =-=] x?sin xdx = ; 
L Jo L nt 
I^ PS | 1 2 1.22 
Therefore f(x) = | > 7— COS Es sin d : (10) 
3 T 4 UT L n L 


The series (8), (9), and (10) converge to the 2L-periodic even extension of f, the 
2L-periodic odd extension of f, and the L-periodic extension of f, respectively. The 
graphs of these periodic extensions are shown in Figure 11.3.11. 


ya 


` ^ r A 1 

\ 1y AN \ Iy / 

Ny aN » Me s y S / 
S442 4 — 


=AL -CML 2L -L L 2L 3L 4L x 


(a) Cosine series 


yh 
4 1 1 1 
/ / / / 
/ / Pl / / 
oo ooj 
-4L -3L/-2L -L^4 LZ 2L 3L? 4L x 
/ 7 " 7 7 
1 1 1 1 1 
(b) Sine series 
y 
J Ln s & o ae 
J 4 
LJ LJ e. n . / e e 7 e 
p2 427 12 ye rA pæ p ANT = 
-AL -3L -2L -L L 2L 3L 4L x 


(c) Fourier series 


FIGURE 11.3.11 Same function on (0, L) but different periodic extensions El 


fO4 


Se ni 


i. 


FIGURE 11.3.12 Periodic forcing 


function for spring/mass system 


Y 


- 
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PERIODIC DRIVING FORCE Fourier series are sometimes useful in determining 
a particular solution of a differential equation describing a physical system in which 
the input or driving force f(t) is periodic. In the next example we find a particular 
solution of the differential equation 


2 


d*x 
my + kx = f(t) (11) 


by first representing f by a half-range sine expansion and then assuming a partic- 
ular solution of the form 


xÐ = Y, B, sin D t. a2) 


n=1 


| EXAMPLE 4 Particular Solution of a DE 


An undamped spring/mass system, in which the mass m = 5 slug and the 
spring constant k = 4 lb/ft, is driven by the 2-periodic external force f(t) shown in 
Figure 11.3.12. Although the force f(t) acts on the system for t > 0, note that if we 
extend the graph of the function in a 2-periodic manner to the negative t-axis, we 
obtain an odd function. In practical terms this means that we need only find the half- 
range sine expansion of f(t) = mt, 0 < t< 1. With p = 1 it follows from (5) and 
integration by parts that 


1 : 2(-1)""! 
b, = 2] artsin nat dt = ———. 
0 n 


From (11) the differential equation of motion is seen to be 


1 d? z= 
16 P. + 4x = ` = sin nmt. (13) 


n 


n-l 


To find a particular solution x, (7) of (13), we substitute (12) into the equation and 
equate coefficients of sin n7t. This yields 


1 2(—1 ntl 39: =f ntl 
(Lee + 2n = zu or B, = QE a 
16 n n(64 — nr’) 


B o6 32(-1)"*! . 
Thus x) = 26 iun nmt. (14) E 


Observe in the solution (14) that there is no integer n = 1 for which the 
denominator 64 — n?7r? of B,, is zero. In general, if there is a value of n, say N, for 
which Nr /p = w, where w = Vk/m, then the system described by (11) is in a state 
of pure resonance. In other words, we have pure resonance if the Fourier series 
expansion of the driving force f(t) contains a term sin(N7r/L)t (or cos(Nr / L)t) that 
has the same frequency as the free vibrations. 

Of course, if the 2p-periodic extension of the driving force f onto the negative 
t-axis yields an even function, then we expand f'in a cosine series. 
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EX E RC | S E S 1 1 : 3 Answers to selected odd-numbered problems begin on page ANS-18. 


In Problems 1—10 determine whether the function is even, 
odd, or neither. 


1. f(x) = sin 3x 2. f(x) = x cos x 


3. f(xy) 2 x? +x 4. f(x) = x? — 4x 
5. f(x) = ell 6. fü) = e” — e™ 
7 5a e ape 
(IM —x?, 0zx«1 

x+5, -2«x«0 
XM 0zx«2 


9. fa)=x,. 0€x-2 


10. f(x) = |x| 


In Problems 11—24 expand the given function in an appropri- 
ate cosine or sine series. 


=], —m< <0 

11. f(x) = , 
fe) [1 Oxx«m 
1, —-2«x«-1 
12. f(x) 230, -1€x«1 
il. l<x<2 
13. fx) = |x|, -m <x< r 


14. f() =x, TM< T 
15. f(x) 2x2) -1«x«1 


16. f(x) = x|x -l<x<l 


17. fQ =T? x, -mc€x«m 


18. f) 2x3, —m <x< r 


19. fo) = x—l, -7w<x<0 
i x + 1, Os=x<T 
20. fa) = x+1, -1«x«0 
PAR red dsxel 
l —-2x*«-l 
=x, =l=x<0 
21. f(x) = ° 
fœ X, 0zxc«l 
1, 1sx<2 
=m, -2Qm«x-«-—m 
22. f(x) = X, —mTXx« 
T, TEx-«2T 


23. f(x) = |sinx 


—qq«x«a 


> 


24. f(x) = cosx, —m/2«x-«m/2 


In Problems 25-34 find the half-range cosine and sine 
expansions of the given function. 


= 1, ars 
28. fo) = fy ie 
_ 40, 0cx«i 
26. fo) = | eo 


27. f(x) =cosx, 0O<x<7/2 


28. f(x) =sinx, O<x<7 


x, 0cx« m/2 
29. = 
is e m/2-xx-«q 
0, 0O<x<7 
si iae a TEXT 


x 0<x< 1l 
1l l1zx«2 


31. f(x) = | 


0<x<1 
x Lex 2 


l, 
32. f(x) = b E 


33. fy 2x?) +x, 0<x<1 

34. f(x) =x(2- x) 0<x<2 

In Problems 35-38 expand the given function in a Fourier 
series. 

35. f =x, 0<x<2r 

36. f(x) =x, 0€x«m 

37. f(x) "» x * 1, 0€x«1 

38. f(x) =2-—x, O<x<2 

In Problems 39 and 40 proceed as in Example 4 to find a 
particular solution x,(f) of equation (11) when m= 1, 
k = 10, and the driving force f(t) is as given. Assume that 


when f(t) is extended to the negative f-axis in a periodic 
manner, the resulting function is odd. 


"EL 


39. f(t) = [3 EP f(t * 2m) = fÒ 


40. fn -1—t 0«t«2; ft -2) -f(0 


In Problems 41 and 42 proceed as in Example 4 to find a par- 
ticular solution x,(t) of equation (11) when m = i k — 12, 
and the driving force f(t) is as given. Assume that when f(t) 
is extended to the negative f-axis in a periodic manner, the 


resulting function is even. 


4l. f(t) 22m: — Ê, 0«t«2m; f(t* 2m) — f(n) 


t, 0cr«i 


lon derer I6 * DO 


42. f(t) — | 
43. (a) Solve the differential equation in Problem 39, 
x" + 10x = f(t, subject to the initial conditions 
x(0) = 0, x'(0) = 0. 
(b) Use a CAS to plot the graph of the solution x(f) in 
part (a). 


44. (a) Solve the differential equation in Problem 41, 
ix" + 12x = f(0), subject to the initial conditions 
x(0) = 1, x'(0) = 0. 
(b) Use a CAS to plot the graph of the solution x(t) in 
part (a). 


45. Suppose a uniform beam of length L is simply supported 
at x = 0 and at x = L. If the load per unit length is given 
by w(x) = wox/L, 0 < x < L, then the differential equa- 
tion for the deflection y(x) is 


where E, J, and wo are constants. (See (4) in Section 5.2.) 
(a) Expand w(x) in a half-range sine series. 


(b) Use the method of Example 4 to find a particular 
solution y, (x) of the differential equation. 


46. Proceed as in Problem 45 to find a particular solu- 
tion y,(x) when the load per unit length is as given in 
Figure 11.3.13. 


w(x) 


Wo [——34 
l | 
l | 
l | 


> 


— 
L/3 2B L * 


FIGURE 11.3.13 Graph for Problem 46 


47. When a uniform beam is supported by an elastic foun- 
dation and subject to a load per unit length w(x), the dif- 
ferential equation for its deflection y(x) is 


d^y 
EIA + ky = w(x), 
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where k is the modulus of the foundation. Suppose that 
the beam and elastic foundation are infinite in length 
(that is, —9» < x < œ) and that the load per unit length 
is the periodic function 


0, =m<x< —m/2 
w(x) 21w, —m/2-Xx-qm/2, w(x + 27) = w(x). 
0 q/2-x-«a 


Use the method of Example 4 to find a particular solution 
yp(x) of the differential equation. 


Discussion Problems 


48. Prove properties (a), (c), (d), (f), and (g) in Theorem 11.3.1. 


49. There is only one function that is both even and odd. 
What is it? 


50. As we know from Chapter 4, the general solution of the 
differential equation in Problem 47 is y = ye + yy. 
Discuss why we can argue on physical grounds that the 
solution of Problem 47 is simply yp. [Hint: Consider 
y = ye + ypas x > +o] 


Computer Lab Assignments 


In Problems 51 and 52 use a CAS to plot graphs of partial 
sums (Sy(x)) of the given trigonometric series. Experiment 
with different values of N and graphs on different intervals 
of the x-axis. Use your graphs to conjecture a closed-form 
expression for a function f defined for 0 < x « L that is rep- 
resented by the series. 


51. /@) = A 


1. 2(-1) 
ze 
n 


a[c-D*-—1 
7431! ) COS nx 


n=1 


1 4&1 
52. fo=7+a2 (1 cos" ) cos 


53. Is your answer in Problem 51 or in Problem 52 unique? 
Give a function f defined on a symmetric interval about 
the origin (—a, a) that has the same trigonometric series 
(a) as in Problem 51, 


(b) as in Problem 52. 
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11.4 


STURM-LIOUVILLE PROBLEM 


REVIEW MATERIAL 


e The concept of eigenvalues and eigenvectors was first introduced in Section 5.2. A review of 
that section (especially Example 2) is strongly recommended. 


INTRODUCTION In this section we will study some special types of boundary-value problems 
in which the ordinary differential equation in the problem contains a parameter A. The values of A 
for which the BVP possesses nontrivial solutions are called eigenvalues, and the corresponding 
solutions are called eigenfunctions. Boundary-value problems of this type are especially important 
throughout Chapters 12 and 13. In this section we also see that there is a connection between 
orthogonal sets and eigenfunctions of a boundary-value problem. 


REVIEW OF DEs For convenience we present here a brief review of some of the 
linear ODEs that will occur frequently in the sections and chapters that follow. The 
symbol a represents a constant. 


Constant-coefficient equations General solutions 
y +ay=0 y=cje % 
y"+a’y=0, a>0 y = cı cos ox + c5 sin ax 


E —ax ox 
y" — ey =0 a>0 pon + ce", or 


y =c,coshax + c, sinh ax 


Cauchy-Euler equation General solutions, x > 0 
y= qx" + cx, a >O 
xy" +xy'—a’y=0, a=0 j ! 
) , y=c+e,nx, a=0 


Parametric Bessel equation (v = 0) General solution, x > 0 


xy" + y! + a?xy = 0, y = cyJo(ax) + c3Yo(ax) 
Legendre's equation Particular solutions are 
(n: —0;1,;2, 7.) polynomials 
(1 — x2)y" — 2xy' + n(n + Dy = 0, y = Po(x) = 1, 

y = Pix) =x, 


y = P, = 53x? — 1)... 


Regarding the two forms of the general solution of y" — o?y = 0, we will make 
use of the following informal rule immediately in Example 1 as well as in future 


discussions: 
m This rule will be Use the exponential form y = cie “ + c2e™ when the domain of x is an infinite 
useful in Chapters or semi-infinite interval; use the hyperbolic form y = cı cosh ax + c» sinh ax 


12-14. 
when the domain of x is a finite interval. 


EIGENVALUES AND EIGENFUNCTIONS Orthogonal functions arise in the 
solution of differential equations. More to the point, an orthogonal set of functions 
can be generated by solving a certain kind of two-point boundary-value problem 
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involving a linear second-order differential equation containing a parameter A. In 
Example 2 of Section 5.2 we saw that the boundary-value problem 


y" + Ay=0, y0) =0, yQ)- 0, (1) 


possessed nontrivial solutions only when the parameter A took on the values 
Àn = nw. n= 1, 2, 3, ... , called eigenvalues. The corresponding nontrivial 
solutions y, = c» sin(n7rx/L), or simply y, = sin(n7x/L), are called the eigenfunc- 
tions of the problem. For example, for (1) 


| not an eigenvalue 


BVP: y"—2y=0, y(0)=0, 2-0 


Trivial solution: y = Q —never an eigenfunction 

L an eigenvalue (n — 3) 
BVP: y"+ es y=0, x0 20, yL)=0 
Nontrivial solution: ys = sin(3arx/L) *—eigenfunction 


For our purposes in this chapter it is important to recognize that the set of trigonomet- 
ric functions generated by this BVP, that is, (sin(mmx/L)), n = 1, 2, 3,..., is an 
orthogonal set of functions on the interval [0, L] and is used as the basis for the 
Fourier sine series. See Problem 10 in Exercises 11.1. 


i EXAMPLE 1  Eigenvalues and Eigenfunctions 


Consider the boundary-value problem 
y"*Ay-0, y(0 —0, y'Q)- 0. (2) 


As in Example 2 of Section 5.2 there are three possible cases for the parameter A: 
Zero, negative, or positive; that is, A— 0, A — —a* <0, and A = o? > 0, where 
a > 0. The solution of the DEs 


y"=0, A=0, (3) 
y"-ay=0, A= -a’, (4) 
y"+a’y=0, A=’, (5) 
are, in turn, 
y = cy + ox, (6) 
y =c,coshax + c,sinh ax, (7) 
y =c,cosax + csin ax. (8) 


When the boundary conditions y'(0) = 0 and y’(L) = 0 are applied to each of these 
solutions, (6) yields y = c1, (7) yields only y = 0, and (8) yields y = c; cos ax 
provided that a = nm / L, n = 1,2,3,....Since y = c satisfies the DE in (3) and the 
boundary conditions for any nonzero choice of cı, we conclude that A = 0 
is an eigenvalue. Thus the eigenvalues and corresponding eigenfunctions of the 
problem are Ay = 0, yo— ci, c1 £ 0, and A, = o2 = ma /D, n=1, 2,..., 
Yn = cı cos(nm x/ L), cı # 0. We can, if desired, take c; = 1 in each case. Note also 
that the eigenfunction yo = 1 corresponding to the eigenvalue Ao = 0 can be incor- 
porated in the family y, = cos(nzx/L) by permitting n = 0. The set (cos (nzx/L)), 
n—0,1,2,3,..., is orthogonal on the interval [0, L]. You are asked to fill in the 
details of this example in Problem 3 in Exercises 11.4. ig 
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REGULAR STURM-LIOUVILLE PROBLEM The problems in (1) and (2) are 
special cases of an important general two-point boundary value problem. Let p, q, r, 
and r' be real-valued functions continuous on an interval [a, b], and let r(x) > 0 and 
p(x) > 0 for every x in the interval. Then 


Solve: Lry] + aW + ApQ))y = 0 (9) 
Subject to: A,y(a) + B,y'(a) = 0 (10) 
A,y(b) + B;y'(b) = 0 (11) 


is said to be a regular Sturm-Liouville problem. The coefficients in the boundary 
conditions (10) and (11) are assumed to be real and independent of A. In addition, A; 
and B, are not both zero, and A» and B» are not both zero. The boundary-value prob- 
lems in (1) and (2) are regular Sturm-Liouville problems. From (1) we can identify 
r(x) = 1, q(x) = 0, and p(x) = 1 in the differential equation (9); in boundary condi- 
tion (10) we identify a = 0, A; = 1, Bj = 0, and in (11), b= L, A = 1, B2 = 0. 
From (2) the identifications would be a = 0, Aj = 0, By = 1 in (10), b = L, A» = 0, 
Bo = 1in(11). 

The differential equation (9) is linear and homogeneous. The boundary condi- 
tions in (10) and (11), both a linear combination of y and y' equal to zero at a point, 
are also homogeneous. A boundary condition such as A?y(b) + B5y'(b) = C2, where 
C» is a nonzero constant, is nonhomogeneous. A boundary-value problem that con- 
sists of a homogeneous linear differential equation and homogeneous boundary 
conditions is, of course, said to be a homogeneous BVP; otherwise, it is nonhomo- 
geneous. The boundary conditions (10) and (11) are referred to as separated because 
each condition involves only a single boundary point. 

Because a regular Sturm-Liouville problem is a homogeneous BVP, it always 
possesses the trivial solution y = 0. However, this solution is of no interest to us. 
As in Example 1, in solving such a problem, we seek numbers A (eigenvalues) and 
nontrivial solutions y that depend on A (eigenfunctions). 


PROPERTIES Theorem 11.4.1 is a list of the more important of the many proper- 
ties of the regular Sturm-Liouville problem. We shall prove only the last property. 


THEOREM 11.4.1 Properties of the Regular Sturm-Liouville Problem 


(a) There exist an infinite number of real eigenvalues that can be arranged in 
increasing order 4, < A, < Az X: «A, <---> such that A, — œ as 
n — oo, 

(b) For each eigenvalue there is only one eigenfunction (except for nonzero 
constant multiples). 

(c) Eigenfunctions corresponding to different eigenvalues are linearly 
independent. 

(d) The set of eigenfunctions corresponding to the set of eigenvalues is 
orthogonal with respect to the weight function p(x) on the interval 
[a, b]. 


PROOF OF (d) Let ym and y, be eigenfunctions corresponding to eigenvalues Àm 
and A,, respectively. Then 


d 
qx Ur Oy» T (q(x) T As POD) Ym =0 (12) 


d 
di rOy] + (469 + A, pG))y, = 0. (13) 
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Multiplying (12) by y, and (13) by ym and subtracting the two equations gives 


d d 
Am — An) pO) Yu yn = Ym Tx Poly.) = Yn a [7@) ym] - 


Integrating this last result by parts from x = a to x = b then yields 


b 
(Am — An) f POXOYmYn dx = r(b)Dys (Gy, (0) — Yn(D)¥in DN — (Dyn Ayn (2) = Yay AA 


FIGURE 11.4.1 Positive roots 


X1, X2, X3, .. 


. of tan x = —x 


Now the eigenfunctions y, and y, must both satisfy the boundary conditions (10) and 
(11). In particular, from (10) we have 


A Yn(@) F Byn (a) = 0 
A,y,(a) + Byy,(a) = 0. 


For this system to be satisfied by A, and B4, not both zero, the determinant of the 
coefficients must be zero: 


yy (a)y, (a) = Yn la) Yn (a) = 0. 
A similar argument applied to (11) also gives 
yy (b) y (b) — y, (b) Ym (b) = 0. 


Since both members of the right-hand side of (14) are zero, we have established the 
orothogonality relation 


b 
oxo dx =0, | A, # An. (5) m 


l EXAMPLE 2 A Regular Sturm-Liouville Problem 


Solve the boundary-value problem 


yt ape, y(0)—0. y) + y'(1) = 0. (16) 


SOLUTION We proceed exactly as in Example 1 by considering three cases in 
which the parameter A could be zero, negative, or positive: A = 0, A = —a? < 0, and 
À o0, where «a 0. The solutions of the DE for these values are listed 
in (3)-(5). For the cases A = 0 and A = —o? <0 we find that the BVP in (16) 
possesses only the trivial solution y = 0. For A = o? > 0 the general solution of the 
differential equation is y = c, cos ax + c2 sin ax. Now the condition y(0) = 0 
implies that c, = O in this solution, so we are left with y = c2 sin ax. The second 
boundary condition y(1) + y'(1) = 0 is satisfied if 


casina + c,acosa = 0. 
In view of the demand that c» # 0, the last equation can be written 
tana = —a. (17) 


If for a moment we think of (17) as tan x = —x, then Figure 11.4.1 shows the plausi- 
bility that this equation has an infinite number of roots, namely, the x-coordinates of 
the points where the graph of y = —x intersects the infinite number of branches 
of the graph of y = tan x. The eigenvalues of the BVP (16) are then A, = a2, 
where œn, n = 1, 2, 3, ..., are the consecutive positive roots o, o, a3,... of (17). 
With the aid of a CAS it is easily shown that, to four rounded decimal 
places, o; = 2.0288, a» = 4.9132, a3 = 7.9787, and a4 = 11.0855, and the 
corresponding solutions are y; = sin 2.0288x, y2 = sin 4.9132x, y3 = sin 7.9787x, 
and y4 = sin 11.0855x. In general, the eigenfunctions of the problem are {sin ox], 
n71,2,3,.... 
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With the identification r(x) = 1, gx) = 0, px) = 1, A; = 1, By = 0, A2 = 1, 
By = | we see that (16) is a regular Sturm-Liouville problem. We conclude that 
{sin a,x},n = 1,2, 3, ..., is an orthogonal set with respect to the weight function 
p(x) = 1 on the interval [0, 1]. E 


In some circumstances we can prove the orthogonality of solutions of (9) 
without the necessity of specifying a boundary condition at x = a and at x = b. 


SINGULAR STURM-LIOUVILLE PROBLEM There are several other important 
conditions under which we seek nontrivial solutions of the differential equation (9): 


* r(a) = 0, and a boundary condition of the type given in (11) is 


specified at x = b; oe 

e r(b) = 0, and a boundary condition of the type given in (10) is (19) 
specified at x = a; 

e r(a) = r(b) = 0, and no boundary condition is specified at either (20) 
x =aoratx = b; 

e r(a) = r(b), and boundary conditions y(a) = y(b), y'(a) = y'(b). (21) 


The differential equation (9) along with one of conditions (18)—(20), is said to be a 
singular boundary-value problem. Equation (9) with the conditions specified in (21) 
is said to be a periodic boundary-value problem (the boundary conditions are also 
said to be periodic). Observe that if, say, r(a) = 0, then x = a may be a singular point 
of the differential equation, and consequently, a solution of (9) may become un- 
bounded as x — a. However, we see from (14) that if r(a) = 0, then no boundary 
condition is required at x = a to prove orthogonality of the eigenfunctions provided 
that these solutions are bounded at that point. This latter requirement guarantees the 
existence of the integrals involved. By assuming that the solutions of (9) are bounded 
on the closed interval [a, b], we can see from inspection of (14) that 


e if r(a) = 0, then the orthogonality relation (15) holds with no 


boundary condition specified at x = a; a 

e if r(b) = 0, then the orthogonality relation (15) holds with no (23) 
boundary condition specified at x = b; 

e if r(a) = r(b) = 0, then the orthogonality relation (15) holds (24) 
with no boundary conditions specified at either x = a or x = b; 

e if r(a) = r(b), then the orthogonality relation (15) holds with (25) 


the periodic boundary conditions y(a) = y(b), y'(a) = y'(b). 
We note that a Sturm-Liouville problem is also singular when the interval under con- 
sideration is infinite. See Problems 9 and 10 in Exercises 11.4. 
SELF-ADJOINT FORM By carrying out the indicated differentiation in (9), we see 
that the differential equation is the same as 
ray" + r'Q)y' + (gq) + Ap@))y = 0. (26) 


Examination of (26) might lead one to believe, given the coefficient of y' is the 
derivative of the coefficient of y", that few differential equations have form (9). 
On the contrary, if the coefficients are continuous and a(x) # 0 for all x in some 
interval, then any second-order differential equation 


a(x)y" + b(x)y’ + (cx) + Ad()y = 0 (27) 


can be recast into the so-called self-adjoint form (9). To this end we basically pro- 
ceed as in Section 2.3, where we rewrote a homogeneous linear first-order equation 


d 
ai(x)y' + ao(x)y = 0 in the form dr [uy] = 0 by dividing the equation by a(x) 
x 


"Conditions (22) and (23) are equivalent to choosing A; = 0, B, = 0, and A» = 0, B5 = 0, respectively. 
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and then multiplying by the integrating factor u = e!?4*, where, assuming no 


common factors, P(x) = ao(x)/a;(x). So first, we divide (27) by a(x). The first two 
b 

terms are Y’ + ma Y + +++, where for emphasis we have written Y = y'. Second, 
a(x 

we multiply this equation by the integrating factor e! ^ /" ^, where a(x) and b(x) 

are assumed to have no common factors: 


elea 4dxys 4 b(x) el O@law)dxy diceret d elC adry bania d p Oaled yr T 
a(x) dx dx 


derivative of a product 
In summary, by dividing (27) by a(x) and then multiplying by e/9)/2694* we get 


diss d + POR) pros roy (cu eibladx + LD gun), =0. (28) 
a(x) a(x) a(x) 


Equation (28) is the desired form given in (26) and is the same as (9): 


d | Swlaadx ] | cx) f (bla)dx d(x) f did E 
E l + as i y=0 
kay & - P ME - 
r(x) q(x) P(x) 


For example, to express 2y" + 6y' + Ay =0 in self-adjoint form, we write 
y" + 3y’ + Aiy = 0 and then multiply by e/?4^* = &?*, The resulting equation is 


r(x) r'(x) P(x) 


| 


3x 3 ae 1 3x d l^ l 1 3x 
Sy y tage y=0 or a y *tÀgey-O0 


Itis certainly not necessary to put a second-order differential equation (27) into 
the self-adjoint form (9) to solve the DE. For our purposes we use the form given in 
(9) to determine the weight function p(x) needed in the orthogonality relation (15). 
The next two examples illustrate orthogonality relations for Bessel functions and for 
Legendre polynomials. 


| EXAMPLE 3 Parametric Bessel Equation 


In Section 6.3 we saw that the parametric Bessel differential equation of order 
n is x?y" + xy’ + (o2x? — n?)y = 0, where n is a fixed nonnegative integer and 
@ is a positive parameter. The general solution of this equation is 
y = cjJ, (ax) + c2Y,(ax). After dividing the parametric Bessel equation by the 
lead coefficient x? and multiplying the resulting equation by the integrating factor 
eI 1/9dx — elnx = v y > 0, we obtain 


" , 2 n d , 2 n 
xy" +y'+\aex-—]y=0 Or — [xy'] + | aà^x — —]y = 0. 
x dx x 
By comparing the last result with the self-adjoint form (9), we make the identi- 
fications r(x) = x, g(x) = —n?/x, À = a?, and p(x) = x. Now r(0) = 0, and of the 
two solutions J,(a@x) and Y,,(a@x), only J,(ox) is bounded at x = 0. Thus in view of 
(22) above, the set {J,(a;x)}, i= 1, 2, 3, ... , is orthogonal with respect to the 
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weight function p(x) = x on the interval [0, b]. The orthogonality relation is 
b 
[ XS, (aX) J, (ajx) dx = 0, A; # Xj, (29) 
0 


provided that the a;, and hence the eigenvalues A; = a?, i= 1, 2,3,..., are defined 
by means of a boundary condition at x = b of the type given in (11): 


AjJ,(ab) + ByaJi (ab) = 0." (30 m 


For any choice of A» and B5, not both zero, it is known that (30) has an infinite 
number of roots x; = a;b. The eigenvalues are then A; = a? = (x; / b. More will be 
said about eigenvalues in the next chapter. 


I EXAMPLE 4  Legendre's Equation 


£ 


Legendre's differential equation (1 — x2)y" — 2xy' + n(n + 1)y = 0 is exactly of 
the form given in (26) with r(x) = 1 — x? and r'(x) = —2x. Hence the self-adjoint 
form (9) of the differential equation is immediate, 


d 
Zla — e | +n(n + ly = 0. (31) 
dx 


From (31) we can further identify g(x) = 0, A = n(n + 1), and p(x) = 1. Recall from 
Section 6.3 that when n = 0, 1, 2,..., Legendre's DE possesses polynomial solu- 
tions P,(x). Now we can put the observation that r(—1) — r(1) — O together with the 
fact that the Legendre polynomials P,(x) are the only solutions of (31) that are 
bounded on the closed interval [—1, 1] to conclude from (24) that the set {P,,(x)}, 
n — 0, 1, 2, ..., is orthogonal with respect to the weight function p(x) = 1 on 
[—1, 1]. The orthogonality relation is 


1 
l PG) P, (x) dx = 0, m+n. E 
1 


INGLES 1 d 
The extra factor of a comes from the Chain Rule: 7 J,(ax) = Ji (ax) d ax — aJ, (ax). 
x x 


| EXERCISES 11.4 


Answers to selected odd-numbered problems begin on page ANS-19. 


In Problems 1 and 2 find the eigenfunctions and the equa- 4. Consider y" + Ay = 0 subject to the periodic boundary 
tion that defines the eigenvalues for the given boundary- conditions y(—L) = y(L), y'(—L) = y'(L). Show that 
value problem. Use a CAS to approximate the first four the eigenfunctions are 
eigenvalues Aj, A», As, and A4. Give the eigenfunctions 
corresponding to these approximations. m 27 " ag ae 
1, cos —x, cos — x, . . . , SiN —X, sin — x, sin —x,...f. 
L L L L L 


1. y" c Ay 20, y(0)—0,y(1) + y'(1) = 0 
2. y" c Ay 20, y(0) + y'(0) = 0, y(1) = 0 


3. 


T 2T 
1, cos — x, cos — x, ... f. 
L L 


This set, which is orthogonal on [—L, L], is the basis for 


Consider y” + Ay = 0 subject to y'(0) = 0, y'(L) = 0. the Fourier series. 
Show that the eigenfunctions are 


5. Find the square norm of each eigenfunction in 
| Problem 1. 


6. Show that for the eigenfunctions in Example 2, 


This set, which is orthogonal on [0, L], is the basis for 
the Fourier cosine series. 


|sin e,x| = 5[1 + cos’a,]. 


10. 


11. 


. (a) Find the eigenvalues and eigenfunctions of the 


boundary-value problem 
vy" + xy’ +Ay=0, yd) =0, y(5)=0. 


(b) Put the differential equation in self-adjoint form. 


(c) Give an orthogonality relation. 


. (a) Find the eigenvalues and eigenfunctions of the 


boundary-value problem 
y"+y' + aAy=0, y(0)=0, y2)=0. 


(b) Put the differential equation in self-adjoint form. 


(c) Give an orthogonality relation. 


. Laguerre’s differential equation 


xy" +(1-xy' +tny=0, n=0,1,2,... 


has polynomial solutions L,,(x). Put the equation in self- 

adjoint form and give an orthogonality relation. 

Hermite's differential equation 
y" — 2xy' + 2ny = 0, n=0,1,2,... 


has polynomial solutions H,(x). Put the equation in self- 
adjoint form and give an orthogonality relation. 


Consider the regular Sturm-Liouville problem: 


a (1 + x*)y’ | + A 0 
dee y = 0, 
dx P 1+ E 


yO) = 0, yd) = 0. 


(a) Find the eigenvalues and eigenfunctions of the 
boundary-value problem. [Hint: Let x = tan 0 and 
then use the Chain Rule. ] 


(b) Give an orthogonality relation. 
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12. (a) Find the eigenfunctions and the equation that defines 
the eigenvalues for the boundary-value problem 


wry" + xy’ + (Ax — Dy = 0, x0, 


yis bounded atx = 0, y(3) = 0. 


Let A = a2,a>0. 


(b) Use Table 6.1 of Section 6.3 to find the approximate 
values of the first four eigenvalues Aj, Az, A3, and A4. 


Discussion Problems 


13. Consider the special case of the regular Sturm-Liouville 
problem on the interval [a, b]: 


d 
pud + ApQ)y = 0, 
X 


y(a) 20, y'(b)- 0. 


Is A = 0 an eigenvalue of the problem? Defend your 
answer. 


Computer Lab Assignments 


14. (a) Give an orthogonality relation for the Sturm- 
Liouville problem in Problem 1. 


(b) Use a CAS as an aid in verifying the orthogonality 
relation for the eigenfunctions y; and y2 that 
correspond to the first two eigenvalues A, and A, 
respectively. 


15. (a) Give an orthogonality relation for the Sturm- 
Liouville problem in Problem 2. 


(b) Use a CAS as an aid in verifying the orthogonality 
relation for the eigenfunctions y; and y2 that 
correspond to the first two eigenvalues A; and A», 
respectively. 
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BESSEL AND LEGENDRE SERIES 


REVIEW MATERIAL 


Section 11.1. 


* Because the results in Examples 3 and 4 of Section 11.4 will play a major role in the discussion 
that follows, you are strongly urged to reread those examples in conjunction with (6)-(11) of 


INTRODUCTION Fourier series, Fourier cosine series, and Fourier sine series are three ways of 
expanding a function in terms of an orthogonal set of functions. But such expansions are by no means 
limited to orthogonal sets of trigonometric functions. We saw in Section 11.1 that a function f defined 
on an interval (a, b) could be expanded, at least in a formal manner, in terms of any set of a functions 
{h,(x)} that is orthogonal with respect to a weight function on [a, b]. Many of these orthogonal 
series expansions or generalized Fourier series stem from Sturm-Liouville problems which, in turn, 
arise from attempts to solve linear partial differential equations that serve as models for physical 
systems. Fourier series and orthogonal series expansions, as well as the two series considered in this 
section, will appear in the subsequent consideration of these applications in Chapters 12 and 13. 
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11.5.1 FOURIER-BESSEL SERIES 


We saw in Example 3 of Section 11.4 that for a fixed value of n the set of Bessel func- 
tions {J,(a;x)}, i = 1, 2, 3,..., is orthogonal with respect to the weight function 
p(x) = x on an interval [0, b] whenever the a; are defined by means of a boundary 
condition of the form 


A-J, (ab) + BaJ/(ab) = 0. (1) 


The eigenvalues of the corresponding Sturm-Liouville problem are A; = a?. From (7) 
and (8) of Section 11.1 the orthogonal series, or generalized Fourier series, expansion 
of a function f defined on the interval (0, b) in terms of this orthogonal set is 


f(x) = DeJ,(a;x), (2) 
i=1 
fox (anfa) dx 
where Ci Wa (3) 


The square norm of the function J,(a;x) is defined by (11) of Section 11.1. 


IJ, Gc]? = f 


0 


b 


XJ; (a;x) dx. (4) 


The series (2) with coefficients (3) is called a Fourier-Bessel series, or simply, a 
Bessel series. 


DIFFERENTIAL RECURRENCE RELATIONS The differential recurrence relations 
that were given in (21) and (20) of Section 6.3 are often useful in the evaluation of 
the coefficients (3). For convenience we reproduce those relations here: 


d 

qx Od 7 Xn) (5) 
X 

d, " 

4; V. JO] = 7x 0. (6) 
X 


SQUARE NORM The value of the square norm (4) depends on how the eigenvalues 
A; = a? are defined. If y = J,(ax), then we know from Example 3 of Section 11.4 that 


d ; 5 n 
alt ax == Jy =0. 
X x 


After we multiply by 2xy’, this equation can be written as 


d d 
a, 2 be (a — 72) — Qi es 
E» xy F + (a^x^ — n^) p» [y] = 0. 


Integrating the last result by parts on [0, 5] then gives 
b b 
2d xy?dx = ([xy'P. + (x — ndy |. 
0 0 


Since y = J,(ax), the lower limit is zero because J,(0) = 0 for n > 0. Furthermore, 
for n = 0 the quantity [xy']? + a?x2y? is zero at x = 0. Thus 


b 
2a? Í XJ; (ax) dx = a? b; (ab) + (o? b? — nU D), (7) 
0 


where we have used the Chain Rule to write y' = aJ/(ax). 
We now consider three cases of (1). 


CASE |: If we choose A» = 1 and B» = O, then (1) is 
J,(ab) = 0. (8) 
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There are an infinite number of positive roots x; = a;b of (8) (see Figure 6.3.1), 
which define the o; as a; = x;/b. The eigenvalues are positive and are then 
A; = a} = x?/ D". No new eigenvalues result from the negative roots of (8), since 
Ji(—x) = (7 1)"J4(x). (See page 245.) The number 0 is not an eigenvalue for any n 
because J,(0) = 0 for n = 1, 2, 3, ... and Jo(0) = 1. In other words, if A = 0, we 
get the trivial function (which is never an eigenfunction) for n = 1, 2,3,..., and for 
n = 0, A = 0 (or, equivalently, a = 0) does not satisfy the equation in (8). When (6) 
is written in the form xJ;(x) = nJ,(x) — xJ, (x), it follows from (7) and (8) that the 
square norm of J,(a/jx) is 


p 
IJ, C20 |? = = J, (a;b). (9) 


2 


CASE Il: If we choose A» = h = 0, and B» = b, then (1) is 


hJ (ab) + abJ;(ab) = 0. (10) 
Equation (10) has an infinite number of positive roots x; = a;b for each positive 
integer n — 1, 2, 3,.... As before, the eigenvalues are obtained from 
A; = a} = x?}/b? A=0 is not an eigenvalue for n = 1, 2, 3,.... Substituting 


ajbJ,(o;b) = —hJ,(a;b) into (7), we find that the square norm of J,(a;x) is now 
ah — n+ k 
2a? 


|J, Gi]? = Ji (a;b). (41) 


CASE Ill: If h = 0 and n = O in (10), the a; are defined from the roots of 
Jo (ab) = 0. (12) 


Even though (12) is just a special case of (10), it is the only situation for which A = 0 
is an eigenvalue. To see this, observe that for n = O the result in (6) implies that 
Jo (ab) = Ois equivalent to Jj(a@b) = 0. Since x; = a,b = Ois root of the last equa- 
tion, a, = 0, and because Jo(0) = 1 is nontrivial, we conclude from A, = o7 = 3t p? 
that A; = O is an eigenvalue. But obviously, we cannot use (11) when a; = 0, h = 0, 
and n — 0. However, from the square norm (4), 


b b2 
I1? = [ds = —. (13) 
0 2 
For a; > 0 we can use (11) with h = 0 and n = 0: 
a 
\|Jo(a;x)||° = 5 olab). (14) 


The following definition summarizes three forms of the series (2) corresponding to 
the square norms in the three cases. 


DEFINITION 11.5.1  Fourier-Bessel Series 


The Fourier-Bessel series of a function f defined on the interval (0, b) is 
given by 


(i) fx) = DYeJ,(a;x) (15) 
i=1 
9) b 
aS pr b | xJ, (oix) f(x) dx, (16) 


where the o; are defined by J,(ab) = 0. 
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(ii) f&) = XeJojx) (17) 
i=1 
2a? b 
Cj = (ee? oR (a,b) J xJ (ax) f(x) dx, (18) 


where the a; are defined by hJ,(ab) + abJ;(ob) = 0. 
(iii) FO) = & Danan) (19) 
i=2 


2 (* 2 : 
nag i xf(x) dx, c= Pab Í xJo(a;x) f(x) dx, (20) 


where the a; are defined by Jj(a@b) = 0. 


CONVERGENCE OF A FOURIER-BESSEL SERIES Sufficient conditions for the 
convergence of a Fourier-Bessel series are not particularly restrictive. 


THEOREM 11.5.1 Conditions for Convergence 


If f and f" are piecewise continuous on the open interval (0, b), then a Fourier- 
Bessel expansion of f converges to f(x) at any point where fis continuous and 
to the average 


fat) + f@-) 
2 


at a point where f is discontinuous. 


l EXAMPLE 1 Expansion in a Fourier-Bessel Series 


Expand f(x) = x, 0 < x < 3, in a Fourier-Bessel series, using Bessel functions of 
order one that satisfy the boundary condition Jj(3a) = 


SOLUTION We use (15) where the coefficients c; are given by (16) with b = 3: 


Cj — 3a sx [teo dx. 


To evaluate this integral, we let t = o; x, dx = dt/a;, x? = ?/a?, and use (5) in the 


f d 2 — 42 A 
orm Ti [EJO] = JA: 


2 
Cj — xx (3a; ) i [t WAO) dt = aJ Bay 


Therefore the desired expansion is 


oo 


fŒ = 2X LG. 2,82) e E 


You are asked to find the first four values of the a; for the foregoing Fourier- 
Bessel series in Problem 1 in Exercises 11.5. 


10 20 30 40 50 


(b) Sy(x), 0 < x < 50 


FIGURE 11.5.1 Graphs of two partial 
sums of a Fourier-Bessel series 
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I EXAMPLE 2 Expansion in a Fourier-Bessel Series 


If the a; in Example 1 are defined by J,(3o) + aJi(3a) = 0, then the only thing that 
changes in the expansion is the value of the square norm. Multiplying the boundary 
condition by 3 gives 3J,(3o) + 3aJj(3a) = 0, which now matches (10) when A = 3, 
b — 3, and n — 1. Thus (18) and (17) yield, in turn, 
18a,J,(3a,) 
Cj = 9 
(9a? + 8)J13a;) 


a J;(30;) 
a? + 8)J1Ga;) 


and f(x) = 185 (9 J (o3). a 
i-1 


USE OF COMPUTERS Since Bessel functions are “built-in functions" in a CAS, it 
is a straightforward task to find the approximate values of the œ; and the coefficients 
ci in a Fourier-Bessel series. For example, in (10) we can think of x; = a,b as a posi- 
tive root of the equation AJ,(x) + xJ;(x) = 0. Thus in Example 2 we have used a 
CAS to find the first five positive roots x; of 3J (x) + xJi(x) = 0, and from these roots 
we obtain the first five values of a;: a, = x1/3 = 0.98320, a2 = x5/3 = 1.94704, 
a3 = x3/3 = 2.95758, a4 = x4/3 = 3.98538, and as = x5/3 = 5.02078. Knowing 
the roots x; = 3a; and the a;, we again use a CAS to calculate the numerical values of 
J2(3a;), J{(3a;), and finally the coefficients c;. In this manner we find that the fifth 
partial sum Ss(x) for the Fourier-Bessel series representation of f(x) = x, 0 € x «3 
in Example 2 is 


Ss(x) = 4.01844 ,(0.98320x) — 1.86937J,(1.94704x) 
+ 1.07106 J,(2.95758x) — 0.70306 J,(3.98538x) + 0.50343 J,(5.02078x). 


The graph of S5(x) on the interval (0, 3) is shown in Figure 11.5.1(a). In Figure 11.5.1(b) 
we have graphed Sio(x) on the interval (0, 50). Notice that outside the interval of 
definition (0, 3) the series does not converge to a periodic extension of f because 
Bessel functions are not periodic functions. See Problems 11 and 12 in Exercises 11.5. 


11.5.2 FOURIER-LEGENDRE SERIES 


From Example 4 of Section 11.4 we know that the set of Legendre polynomials 
{P,(x)},n = 0, 1, 2,..., is orthogonal with respect to the weight function p(x) = 1 
on the interval [—1, 1]. Furthermore, it can be proved that the square norm of a 
polynomial P,(x) depends on n in the following manner: 


1 
P,@)|? = | PAG) dx = ; 
Taxco) f. dde 


The orthogonal series expansion of a function in terms of the Legendre polynomials 
is summarized in the next definition. 


DEFINITION 11.5.2  Fourier-Legendre Series 


The Fourier-Legendre series of a function f on an interval (— 1, 1) is given by 


fŒ = Xo,P,), (21) 
n=0 


2n+1 |! 
where C, = — Í TOPR) dx. (22) 
=] 
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FIGURE 11.5.2 Partial sum S5(x) of 


Fourier-Legendre series 


CONVERGENCE OF A FOURIER-LEGENDRE SERIES Sufficient conditions for 
convergence of a Fourier-Legendre series are given in the next theorem. 


THEOREM 11.5.2 Conditions for Convergence 


If f and f’ are piecewise continuous on the open interval (— 1, 1), then a Fourier- 
Legendre expansion of f converges to f(x) at any point where fis continuous and 
to the average 
fot) + f@-) 
2 


at a point where f'is discontinuous. 


| EXAMPLE 3 Expansion in a Fourier-Legendre Series 


Write out the first four nonzero terms in the Fourier-Legendre expansion of 


0, -l<x<0 
1, Osx<l. 


f= | 


SOLUTION The first several Legendre polynomials are listed on page 249. From 
these and (22) we find 


ifi 1 1 
s-il fopa [^ tae 
3 3 3 
asif fopa firari 
-5 [' sorsa -5 [ele Ddx = 0 
C5 2]. x)P»(x) ax 2], 2 Ps X 
7 7 NP 
C3 = 5]. fG)P,Q)dx = 2], Li 2 (5x2 — 3x) dx = T: 
9 9 1 4 2 
ce = 5 | f(x) Pax) dx = 1+ = (35x4 — 30x? + 3)dx = 0 
2 Js 2Jo 8 
Hi T ifti : , 11 
| |I Oe =F I. 1: 5 (63x5 — 70x3 + 15x) dx = 2 
1 3 7 11 
Hence Fla) = 5P FPO — gPa taO = 


Like the Bessel functions, Legendre polynomials are built-in functions in com- 
puter algebra systems such as Maple and Mathematica, so each of the coefficients 
just listed can be found by using the integration application of such a program. 
Indeed, using a CAS, we further find that cg = 0 and c; = -5 The fifth partial sum 
of the Fourier-Legendre series representation of the function f defined in Example 3 


is then 
$,6) = EPAD + PIO — — P4) + SPs) -PA 
uda oJ Ed s E T d 


The graph of Ss(x) on the interval (— 1, 1) is given in Figure 11.5.2. 
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ALTERNATIVE FORM OF SERIES In applications the Fourier-Legendre series 
appears in an alternative form. If we let x = cos 0, then x = 1 implies that 0 = 0 
whereas x = —1 implies that 0 = zr. Since dx = —sin 0 d0, (21) and (22) become, 


respectively, 


[^] 


F(@) = 2 c,P,(cos 0) (23) 
0 


n= 


2 p : 
lm f F(0) P,(cos 0) sin 0 d0, (24) 
0 


where f(cos 0) has been replaced by F(0). 


EXERCISES 11.5 


Answers to selected odd-numbered problems begin on page ANS-19. 


11.5.1 FOURIER-BESSEL SERIES 


In Problems 1 and 2 use Table 6.1 in Section 6.3. 


1. Find the first four a; > 0 defined by J;(3a) = 0. 
2. Find the first four a; = 0 defined by Jọ (2a) = 0. 


In Problems 3-6 expand f(x) = 1, 0 < x < 2, in a Fourier- 
Bessel series, using Bessel functions of order zero that sat- 
isfy the given boundary condition. 


3. Jo(2a) = 0 4. Ji(2a) = 0 


5. (2a) + 2aJi(2a)=0 6. 420) + aJi(2a) = 0 


In Problems 7-10 expand the given function in a Fourier- 
Bessel series, using Bessel functions of the same order as in 
the indicated boundary condition. 


7. f(x) 2 5x, 0 <x < 4, 
3J, (4a) + 4a J! (4a) = 0 


8. f@) =x7,0<x<1, J(o)-20 
9. fx) 2x2,0€«x«3, HBa) =0 [Hint É =? +t] 
10. f) 21- x 0«x«1, Joa) =0 


Computer Lab Assignments 


11. (a) Use a CAS to plot the graph of y = 3J,(x)  xJi(x) 
on an interval so that the first five positive x-intercepts 
of the graph are shown. 

(b) Use the root-finding capability of your CAS to 
approximate the first five roots x; of the equation 
3J,(x)  xJi(x) = 0. 

(c) Use the data obtained in part (b) to find the first 
five positive values of a; that satisfy 
3J, (4a) + 4aJi(4a) = 0. (See Problem 7.) 


(d) If instructed, find the first ten positive values of aj. 


12. (a) Use the values of a; in part (c) of Problem 11 and a 
CAS to approximate the values of the first five 
coefficients c; of the Fourier-Bessel series obtained 
in Problem 7. 


(b) Use a CAS to plot the graphs of the partial sums 
Sy(x), N = 1, 2, 3, 4, 5 of the Fourier-Bessel series 
in Problem 7. 


(c) If instructed, plot the graph of the partial sum Sio(x) 
on the interval (0, 4) and on (0, 50). 


Discussion Problems 


13. If the partial sums in Problem 12 are plotted on a 
symmetric interval such as (—30, 30) would the graphs 
possess any symmetry? Explain. 


14. (a) Sketch, by hand, a graph of what you think the 
Fourier-Bessel series in Problem 3 converges to on 
the interval (—2, 2). 

(b) Sketch, by hand, a graph of what you think the 
Fourier-Bessel series would converge to on the inter- 
val (—4, 4) if the values o; in Problem 7 were 
defined by 3J,(4a) + 4aJ5(Aa) = 0. 


11.5.2 FOURIER-LEGENDRE SERIES 


In Problems 15 and 16 write out the first five nonzero terms 
in the Fourier-Legendre expansion of the given function. If 
instructed, use a CAS as an aid in evaluating the coefficients. 
Use a CAS to plot the graph of the partial sum Ss(x). 


0, -l<x<0 
15. f(x) = ^ esii 


16. f(x) =e% -l<x<l 


17. The first three Legendre polynomials are Po(x) = 1, 
P(x) = x, and P(x) = 5 (3x? — 1). If x = cos 6, then 
Po(cos0) = 1 and P,(cos@)=cos@. Show that 
P,(cos 0) = 1 (3cos20 + 1). 
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18. Use the results of Problem 17 to find a Fourier-Legendre 
expansion (23) of F(0) = 1 — cos 20. 


19. A Legendre polynomial P,(x) is an even or odd func- 
tion, depending on whether n is even or odd. Show that 
if fis an even function on the interval (— 1, 1), then (21) 
and (22) become, respectively, 


fe) = Xo P40) Q5) 


n=0 


1 
Con = (4n + 1) f fP) dx. (26) 
0 


The series (25) can also be used when fis defined only 
on the interval (0, 1). The series then represents f on 
(0, 1) and an even extension of f on the interval (— 1, 0). 


20. Show that if fis an odd function on the interval (—1, 1), 
then (21) and (22) become, respectively, 


fŒ = X cons Pon) (27) 
n=0 


1 
Cont1 = (4n + 3) Í fo)P»40)dx. — Q8) 
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The series (27) can also be used when fis defined only on the 
interval (0, 1). The series then represents f on (0, 1) and an 
odd extension of f on the interval (— 1, 0). 


In Problems 21 and 22 write out the first four nonzero terms 
in the indicated expansion of the given function. What func- 
tion does the series represent on the interval (—1, 1)? Use a 
CAS to plot the graph of the partial sum S4(x). 


21. f(x) =x, 0<x< 1; use(25) 
22. f(x) - 1, 0<x< 1; use (27) 


Discussion Problems 


23. Discuss: Why is a Fourier-Legendre expansion of a 
polynomial function that is defined on the interval 
(— 1, 1) necessarily a finite series? 


24. Using only your conclusions from Problem 23 — that is, 
do not use (22) — find the finite Fourier-Legendre series 
of f(x) — x”. The series of f(x) — x. 


CHAPTER 11 IN REVIEW 


Answers to selected odd-numbered problems begin on page ANS-19. 


In Problems 1-6 fill in the blank or answer true or false 
without referring back to the text. 


1. The functions f(x) = x? — Land g(x) = x’ are orthogo- 
nal on the interval [—77, zr]. 


2. The product of an odd function f with an odd function 
gis . 


3. To expand f(x) = |x| + 1, —7 < x < 7, in an appropri- 
ate trigonometric series, we would use a series. 


4. y = 0 is never an eigenfunction of a Sturm-Liouville 
problem. 


5. A =0 is never an eigenvalue of a Sturm-Liouville 
problem. 
Acl —1€x9. 


is ex- 
=x; 0<x<1 


panded in a Fourier series, the series will converge to 
at x = —1, to at x = 0, and to 
atx = 1. 


6. If the function f(x) = | 


7. Suppose the function f(x) =x? +1, 0€ x «3, is 
expanded in a Fourier series, a cosine series, and a sine 
series. Give the value to which each series will converge 
at x = 0. 


8. What is the corresponding eigenfunction for the 
boundary-value problem y" + Ay = 0, y'(0) = 0, 
y(a/2) = 0 for A = 25? 


9. Chebyshev’s differential equation 


(1 — xy" — xy’ + iy =0 


has a polynomial solution y = T,(x) for n = 0, 1,2,.... 
Specify the weight function w(x) and the interval over 
which the set of Chebyshev polynomials {7),(x)} is 
orthogonal. Give an orthogonality relation. 


10. The set of Legendre polynomials {P,(x)}, where 
Po(x) = 1, Pi(x) = x, . . . , is orthogonal with respect to 
the weight function w(x) = 1 on the interval [— 1, 1]. 
Explain why fL; P,(x) dx = 0 forn > 0. 


11. Without doing any work, explain why the cosine series 
of f(x)- cos 0 « x « m is the finite series 
fœ =} + icos2x. 


12. (a) Show that the set 
207 . 3m ., St 
sin — x, sin — x, sin — x, ... 
2L 2L 2L 


is orthogonal on the interval [0, L]. 


(b) Find the norm of each function in part (a). Construct 
an orthonormal set. 


13. Expand f(x) = |x| — x, ^1 < x < 1 ina Fourier series. 
14. Expand f(x) = 2x? — 1, —1 < x < 1 in a Fourier series. 


15. Expand f(x) = e, 0€ x € 1 


(a) inacosine series (b) in a Fourier series. 


16. 


17. 


18. 


19. 


20. 


In Problems 13, 14, and 15, sketch the periodic exten- 
sion of f to which each series converges. 


Discuss: Which of the two Fourier series of f in 
Problem 15 converges to 


fœ), 
F = 
A rud 


on the interval (—1, 1)? 


0<x<1 
-1<x<0 


Consider the portion of the periodic function f shown in 
Figure 11.R.1. Expand fin an appropriate Fourier series. 


= 
54 23 2 4 6 * 


FIGURE 11.R.1 Graph for Problem 18 


Find the eigenvalues of the 


boundary-value problem 


xy" + xy! + 9y 20, y(1)=0, y(e)-O. 


and eigenfunctions 


Give an orthogonality relation for the eigenfunctions in 
Problem 19. 


21. 


22. 


23. 


f) = and 


24. 


25. 
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1 0€x«2 


Expand f(x) = È — in a Fourier-Bessel 


series, using Bessel functions of order zero that satisfy 
the boundary-condition Jo(4a) = 0. 


Expand f(x) = xf, —1 < x < 1, in a Fourier-Legendre 
series. 


Suppose the function y — f(x) is defined on the interval 
(—%, cc). 
(a) Verify the identity f(x) = f.(x) + f(x), where 

_ f) * faw _ f% — fC- 


2 So) = 2 


(b) Show that f; is an even function and f, an odd 
function. 


The function f(x) = e* is neither even or odd. Use 
Problem 23 to write fas the sum of an even function and 
an odd function. Identify f, and fọ. 


Suppose that f is an integrable 2p-periodic function. 
Prove that for any number a, 


2p a+2p 
f fœ) dx = f F(x) dx. 
0 a 


BOUNDARY-VALUE PROBLEMS IN 


RECTANGULAR COORDINATES 
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CHAPTER 12 IN REVIEW 


In this and the next two chapters the emphasis will be on two procedures that are 
used in solving partial differential equations that occur frequently in problems 


involving temperature distributions, vibrations, and potentials. These problems, 


called boundary-value problems, are described by relatively simple linear second- 


order PDEs. The thrust of these procedures is to find solutions of a PDE by 
reducing it to two or more ODEs. 

We begin with a method called separation of variables. The application of 
this method leads us back to the important concepts of Chapter 1 1—namely, 
eigenvalues, eigenfunctions, and the expansion of a function in an infinite series 


of orthogonal functions. 
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12.1 


SEPARABLE PARTIAL DIFFERENTIAL EQUATIONS 


REVIEW MATERIAL 
e Sections 2.3, 4.3, and 4.4 
e Reread “Two Equations Worth Knowing" on pages 135-136. 


INTRODUCTION Partial differential equations (PDEs), like ordinary differential equations 
(ODEs), are classified as either linear or nonlinear. Analogous to a linear ODE, the dependent 
variable and its partial derivatives in a linear PDE are only to the first power. For the remaining 
chapters of this text we shall be interested in, for the most part, /inear second-order PDEs. 


LINEAR PARTIAL DIFFERENTIAL EQUATION If we let u denote the dependent 
variable and let x and y denote the independent variables, then the general form of a 
linear second-order partial differential equation is given by 


ou ou ou ðu ðu 
5; +B + 5+ D—+E— + Fu=G, (1) 
Ox Ox dy oy Ox oy 
where the coefficients A, B, C,..., G are functions of x and y. When G(x, y) = 0, 


equation (1) is said to be homogeneous; otherwise, it is nonhomogeneous. For 
example, the linear equations 


ou - ou Ü j ðu ðu 
— = an ———c-—x 
ox oy 0x! dy * 


are homogeneous and nonhomogeneous, respectively. 


SOLUTION OF A PDE A solution of a linear partial differential equation (1) is 
a function u(x, y) of two independent variables that possesses all partial derivatives 
occurring in the equation and that satisfies the equation in some region of the 
xy-plane. 

It is not our intention to examine procedures for finding general solutions of 
linear partial differential equations. Not only is it often difficult to obtain a general 
solution of a linear second-order PDE, but a general solution is usually not all that 
useful in applications. Thus our focus throughout will be on finding particular 
solutions of some of the more important linear PDEs—that is, equations that appear 
in many applications. 


SEPARATION OF VARIABLES Although there are several methods that can be 
tried to find particular solutions of a linear PDE, the one we are interested in at the 
moment is called the method of separation of variables. In this method we seek a 
particular solution of the form of a product of a function of x and a function of y: 


u(x, y) = XQ)Y(y). 


With this assumption it is sometimes possible to reduce a linear PDE in two variables 
to two ODEs. To this end we note that 


ðu ; ðu ; ou , 3u , 
T-xy “=xy, C-xyr, =xy’, 
Ox dy Ox 


where the primes denote ordinary differentiation. 
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[ EXAMPLE 1 Separation of Variables 


. . Pu ðu 
Find product solutions of : = 4— 


2 


x ay 
SOLUTION Substituting u(x, y) = X(x)Y(y) into the partial differential equation 
yields 
X"Y = AXY'. 

After dividing both sides by 4XY, we have separated the variables: 

E te 

AX Y 
Since the left-hand side of the last equation is independent of y and is equal to the 
right-hand side, which is independent of x, we conclude that both sides of the equa- 
tion are independent of x and y. In other words, each side of the equation must be a 
constant. In practice it is convenient to write this real separation constant as —A 


(using A would lead to the same solutions). 
From the two equalities 


m s 
4X Y 
we obtain the two linear ordinary differential equations 

X" + 4AX = 0 and Y'+ AY = 0. (2) 
Now, as in Example 1 of Section 11.4 we consider three cases for A: zero, negative, 
or positive, that is, A = 0, A = —a? < 0, and A = o? > 0, where a > 0. 
CASE | If A = 0, then the two ODEs in (2) are 

xX" =0 and Y' =0. 


Solving each equation (by, say, integration), we find X = c, + cox and Y = c3. Thus 
a particular product solution of the given PDE is 


u = XY = (c, + œx) = A, + Bix, (3) 


where we have replaced cıc3 and c2c3 by A; and By, respectively. 


CASE II If A = —a?, then the DEs in (2) are 
X" — 40°X = 0 and Y'—a’Y=0. 
From their general solutions 
X = c, cosh 2ax + c; sinh 2ax and Y = cge”? 
we obtain another particular product solution of the PDE, 
u = XY = (c, cosh 2ax + c; sinh 2ax)cge*? 
or u = A,e* cosh 2ax + B,e®” sinh 2ax, (4) 


where A» = c4cg and B2 = cs5c¢. 


CASE Ill If A = o, then the DEs 
X" + 40°X — 0 and Y -oY-0 
and their general solutions 


X = c cos 2ax + cg sin 2ax and Y = coe ** 
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give yet another particular solution 
u = A3e~* cos 2ax + B,e~*” sin 2ax, (5) 
where A3 = c5co and B5 = cgco. a 


It is left as an exercise to verify that (3), (4), and (5) satisfy the given PDE. See 
Problem 29 in Exercises 12.1. 


SUPERPOSITION PRINCIPLE The following theorem is analogous to 
Theorem 4.1.2 and is known as the superposition principle. 


THEOREM 12.1.1 Superposition Principle 
If uj, u2, . . . , ug are solutions of a homogeneous linear partial differential equa- 
tion, then the linear combination 

= Cu ae COU F =- F Cpg, 


where the c;, i = 1,2, ..., k, are constants, is also a solution. 


Throughout the remainder of the chapter we shall assume that whenever we have 


an infinite set u1, u2, ua, . . . of solutions of a homogeneous linear equation, we can 
construct yet another solution u by forming the infinite series 
$ 
u = XD 
k=1 
where the c;, i = 1, 2,... are constants. 


CLASSIFICATION OF EQUATIONS A linear second-order partial differential 
equation in two independent variables with constant coefficients can be classified as 
one of three types. This classification depends only on the coefficients of the second- 
order derivatives. Of course, we assume that at least one of the coefficients A, B, and 
C is not zero. 


DEFINITION 12.1.1 Classification of Equations 


The linear second-order partial differential equation 


ðu u u ðu ðu 
P Ore ina t Fu- O0, 
Ox Ox dy oy Ox oy 


where A, B, C, D, E, and F are real constants, is said to be 
hyperbolic if B? — 4AC > 0, 
parabolic if B? — 4AC = 0, 
elliptic if B? — 4AC <0. 


l EXAMPLE 2 Classifying Linear Second-Order PDEs 


Classify the following equations: 


^u ðu ou eu ru ru 
a) 3— = — b = c + = 
(a) óx? ay (b) ax ay’ (c) : 


SOLUTION (a) By rewriting the given equation as 
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we can make the identifications A = 3, B = 0, and C = 0. Since B? — 4AC = 0, 
the equation is parabolic. 


(b) By rewriting the equation as 


we see that A= 1, B=0, C= —1, and B? — 4AC = —4(1)(-1) > 0. The 
equation is hyperbolic. 


(c) With A = 1, B=0, C=1, and B? — 4AC = —4(1)(1) < 0 the equation is 
elliptic. a 


i REMARKS 


(i) In case you are wondering, separation of variables is not a general method for 
finding particular solutions; some linear partial differential equations are simply 
not separable. You are encouraged to verify that the assumption u = XY does 
not lead to a solution for the linear PDE 0?u/8x? — du/dy = x. 


(ii) A detailed explanation of why we would want to classify a linear second- 
order PDE as hyperbolic, parabolic, or elliptic is beyond the scope of this text, 
but you should at least be aware that this classification is of practical importance. 
We are going to solve some PDEs subject to only boundary conditions and oth- 
ers subject to both boundary and initial conditions; the kinds of side conditions 
that are appropriate for a given equation depend on whether the equation is 
hyperbolic, parabolic, or elliptic. On a related matter, we shall see in Chapter 15 
that numerical-solution methods for linear second-order PDEs differ in confor- 
mity with the classification of the equation. 


| | EX E RCI S E S 1 2 . 1 Answers to selected odd-numbered problems begin on page ANS-19. 
In Problems 1—16 use separation of variables to find, if à Qu au ðu 
possible, product solutions for the given partial differential 12. a ox E ar + 2k of k>0 
equation. 
ru u ru u 
3u ðu au Ju Isat aa 14.5 +550 
1. —-— 2. —+3—=0 — R S ME 
ox oy ox dy 2 
15. uy, + Uyy —u 16. a^u,, — g = Uum gaconstant 
3. uy + uy =u 4. uy=uy tu 
In Problems 17-26 classify the given partial differential 
5. x ax =y = 6. y ax +x a =0 equation as hyperbolic, parabolic, or elliptic. 
x y x y 
2 2 2 2 9?u ou 9? 
qu = Eu 8 eg ei Uu = 35 
àx! axdy = ay? ax dy Bu" Ray. dy 
ru ðu ðu ðu aru ou ou 
9.k— —u-—, k>0 10k—--—, k>0 18. 5 5*5 Dr i 
ae at ae at dx” axdy oy 
a a ru ru ou 
1. =| = — 19. — +6 F9—-0 
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Qu ðu 9u In Problems 27 and 28 show that the given partial differen- 
20. ax2 ax dy ay =0 tial equation possesses the indicated product solution. 
2 
ey ay 3. ze u x 1 4 o Pu. 
21. —. or  rór ðt 
ox Ox dy , 
u =e ke Jaar) + c;Ye(ar)) 
2 ou u |, du 0 z i4 12 
: 5 = u u u 
0x ð ày* Ox 28. | = 0; 
* T o? rar roe 
23 ou u ðu ðu 6 ðu — j u = (c, cos aO + csin a0)(car* + car ?) 
ERES 2 
ax ðxðy dy ax dy 29. Verify that each of the products u = XY in (3), (4), and 
d u (5) satisfies the second-order PDE in Example 1. 
on Ox? ay? == 30. Definition 12.1.1 generalizes to linear PDEs with coef- 
ficients that are functions of x and y. Determine the 
25. à Pu ou regions in the xy-plane for which the equation 
: 2 ^ 3g 
Ox ot pee jg Ou PUE R " 
X T r CX T Xy Hu = 
Ou ðu á ax” à ax dy oy d 
26... k>0 
ðx ðt is hyperbolic, parabolic, or elliptic. 
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REVIEW MATERIAL 


e Reread the material on boundary-value problems in Sections 4.1, 4.3, and 5.2. 


INTRODUCTION We are not going to solve anything in this section. We are simply going to 
discuss the types of partial differential equations and boundary-value problems that we will be work- 
ing with in the remainder of this chapter as well as in Chapters 13-15. The words boundary-value 
problem have a slightly different connotation than they did in Sections 4.1, 4.3, and 5.2. If, say, u(x, f) 
is a solution of a PDE, where x represents a spatial dimension and t represents time, then we may be 
able to prescribe the value of u, or àu/óx, or a linear combination of u and du/dx at a specified x as 
well as to prescribe u and ðu/ðt at a given time f (usually, t = 0). In other words, a “boundary-value 
problem" may consist of a PDE, along with boundary conditions and initial conditions. 


CLASSICAL EQUATIONS We shall be concerned principally with applying 
the method of separation of variables to find product solutions of the following clas- 
sical equations of mathematical physics: 


Ou ðu 

ad = p k>0 (1) 
,9u Ou 
du e 
Ou u 

Ox? i ay? =" (3) 


or slight variations of these equations. The PDEs (1), (2), and (3) are known, respec- 
tively, as the one-dimensional heat equation, the one-dimensional wave equation, 
and the two-dimensional form of Laplace’s equation. “One-dimensional” in the 
case of equations (1) and (2) refers to the fact that x denotes a spatial variable, whereas 
t represents time; “two-dimensional” in (3) means that x and y are both spatial vari- 
ables. If you compare (1)-(3) with the linear form in Theorem 12.1.1 (with ¢ playing 
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Cross-section of area A 


FIGURE 12.2.1 


flow of heat 


One-dimensional 


the part of the symbol y), observe that the heat equation (1) is parabolic, the wave 
equation (2) is hyperbolic, and Laplace’s equation is elliptic. This observation will be 
important in Chapter 15. 


HEAT EQUATION Equation (1) occurs in the theory of heat flow—that is, heat 
transferred by conduction in a rod or in a thin wire. The function u(x, f) represents 
temperature at a point x along the rod at some time 7. Problems in mechanical vibra- 
tions often lead to the wave equation (2). For purposes of discussion, a solution 
u(x, t) of (2) will represent the displacement of an idealized string. Finally, a solution 
u(x, y) of Laplace's equation (3) can be interpreted as the steady-state (that is, time- 
independent) temperature distribution throughout a thin, two-dimensional plate. 

Even though we have to make many simplifying assumptions, it is worthwhile to 
see how equations such as (1) and (2) arise. 

Suppose a thin circular rod of length L has a cross-sectional area A and coin- 
cides with the x-axis on the interval [0, L]. See Figure 12.2.1. Let us suppose the 
following: 


* The flow of heat within the rod takes place only in the x-direction. 

* The lateral, or curved, surface of the rod is insulated; that is, no heat escapes 
from this surface. 

* No heat is being generated within the rod. 

e The rod is homogeneous; that is, its mass per unit volume p is a constant. 

* The specific heat y and thermal conductivity K of the material of the rod are 
constants. 


To derive the partial differential equation satisfied by the temperature u(x, t), we 
need two empirical laws of heat conduction: 


(i) The quantity of heat Q in an element of mass m is 


Q = ymu, (4) 
where u is the temperature of the element. 


(ii) The rate of heat flow Q, through the cross-section indicated in 
Figure 12.2.1 is proportional to the area A of the cross section and 
the partial derivative with respect to x of the temperature: 


Q, = —KAu,. (5) 


Since heat flows in the direction of decreasing temperature, the minus sign in (5) is 
used to ensure that Q, is positive for ux < 0 (heat flow to the right) and negative for 
ux > O (heat flow to the left). If the circular slice of the rod shown in Figure 12.2.1 
between x and x + Ax is very thin, then u(x, f) can be taken as the approximate tem- 
perature at each point in the interval. Now the mass of the slice is m — p(A Ax), and 
so it follows from (4) that the quantity of heat in it is 


Q = ypA Axu. (6) 


Furthermore, when heat flows in the positive x-direction, we see from (5) that heat 
builds up in the slice at the net rate 


—KAu,(x, t) — [-KAu,(x + Ax, t)] = KA [ux + Ax, t) - uy D]. (7) 
By differentiating (6) with respect to f, we see that this net rate is also given by 
Q, = ypA Ax u, (8) 
Equating (7) and (8) gives 


K u(x + Ax, t) - ut) — 
yp Ax 


Uy. (9) 


uh 


=Y 


(b) Enlargement of segment 


FIGURE 12.2.2 Flexible string 


anchored at x = 0 and x = L 


Temperature as a 
function of position Thermometer 
on the hot plate 


FIGURE 12.2.3 Steady-state 


temperatures in a rectangular plate 
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Finally, by taking the limit of (9) as Ax— 0, we obtain (1) in the form“ 
(K /y p)us, = u. Itis customary to let k = K/yp and call this positive constant the 
thermal diffusivity. 


WAVE EQUATION Consider a string of length L, such as a guitar string, stretched 
taut between two points on the x-axis — say, x = 0 and x = L. When the string starts 
to vibrate, assume that the motion takes place in the xu-plane in such a manner that 
each point on the string moves in a direction perpendicular to the x-axis (transverse 
vibrations). As is shown in Figure 12.2.2(a), let u(x, t) denote the vertical displace- 
ment of any point on the string measured from the x-axis for t > 0. We further 
assume the following: 


* The string is perfectly flexible. 

* The string is homogeneous; that is, its mass per unit length p is a 
constant. 

* The displacements u are small in comparison to the length of the string. 

* The slope of the curve is small at all points. 

* The tension T acts tangent to the string, and its magnitude T is the same at 
all points. 

* The tension is large compared with the force of gravity. 

e No other external forces act on the string. 


Now in Figure 12.2.2(b) the tensions T; and T; are tangent to the ends of the 
curve on the interval [x, x + Ax]. For small 0; and 05 the net vertical force acting on 
the corresponding element As of the string is then 


T sin 0; — T sin 0, ~ T tan 0, — T tan 0; 
= T [u(x Ax d 3,05]; 


where T = |T;| = |T2|. Now p As = p Ax is the mass of the string on [x, x + Ax], 
so Newton's second law gives 


Tlu(x + Ax, t) m ux, t)] = p Ax Uy, 


u,(x + Ax, f) — u(x,t) p 
or = ; 
Ax ps 


If the limit is taken as Ax — 0, the last equation becomes uxx = (p/T)uj;. This of 
course is (2) with a? = T/p. 


LAPLACE'S EQUATION Although we shall not present its derivation, Laplace's 
equation in two and three dimensions occurs in time-independent problems involv- 
ing potentials such as electrostatic, gravitational, and velocity in fluid mechanics. 
Moreover, a solution of Laplace's equation can also be interpreted as a steady-state 
temperature distribution. As illustrated in Figure 12.2.3, a solution u(x, y) of (3) 
could represent the temperature that varies from point to point — but not with time — 
of a rectangular plate. Laplace's equation in two dimensions and in three dimensions 
is abbreviated as V?u — 0, where 


au 8u ru ou ^u 


EFT dy? oy oy og 


are called the two-dimensional Laplacian and the three-dimensional Laplacian, 
respectively, of a function u. 


* -— ] ore . ux + Ax, t) — u(x, t 
“The definition of the second partial derivative is u,, = lim x z ( ) 
Ax—0 x 


‘tan 05 = u(x + Ax, f) and tan 0; = u;,(x, f) are equivalent expressions for slope. 
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FIGURE 12.2.4  Plucked string 


We often wish to find solutions of equations (1), (2), and (3) that satisfy certain 
side conditions. 


INITIAL CONDITIONS Since solutions of (1) and (2) depend on time f, we can 
prescribe what happens at ¢ = 0; that is, we can give initial conditions (IC). If f(x) 
denotes the initial temperature distribution throughout the rod in Figure 12.2.1, then 
a solution u(x, t) of (1) must satisfy the single initial condition u(x, 0) = f(x), 
0 « x « L. On the other hand, for a vibrating string we can specify its initial dis- 
placement (or shape) f(x) as well as its initial velocity g(x). In mathematical terms 
we seek a function u(x, f) that satisfies (2) and the two initial conditions: 


w0)7fG 7| =e,  0cxrcL (10) 


Ot |r= 


For example, the string could be plucked, as shown in Figure 12.2.4, and released 
from rest (g(x) = 0). 


BOUNDARY CONDITIONS The string in Figure 12.2.4 is secured to the x-axis at 
x = 0 and x = L for all time. We interpret this by the two boundary conditions (BC): 


u(0,t)=0, u(L,t)=0, t>0. 


Note that in this context the function f in (10) is continuous, and consequently, 
f(0) = 0 and f(L) = 0. In general, there are three types of boundary conditions 
associated with equations (1), (2), and (3). On a boundary we can specify the values 
of one of the following: 
' „n ôu „~n OU 
(i) u, (ii) —, or (iii) — + hu, h a constant. 
on on 

Here du/dn denotes the normal derivative of u (the directional derivative of u in 
the direction perpendicular to the boundary). A boundary condition of the first 
type (i) is called a Dirichlet condition; a boundary condition of the second type (ii) 
is called a Neumann condition; and a boundary condition of the third type (iii) is 
known as a Robin condition. For example, for t > 0 a typical condition at the right- 
hand end of the rod in Figure 12.2.1 can be 


()' u(L, t) = ue, Uy à constant, 
SQ OU 
(ü) — = 0, or 
OX |x=L 
mu 
(iii) F = —h(u(L, f) — un), h > 0 and u,, constants. 
X |x=L 


Condition (i)' simply states that the boundary x = L is held by some means at a 
constant temperature u for all time t > 0. Condition (ii)' indicates that the boundary 
x = Lis insulated. From the empirical law of heat transfer, the flux of heat across a 
boundary (that is, the amount of heat per unit area per unit time conducted across the 
boundary) is proportional to the value of the normal derivative du/dn of the temper- 
ature u. Thus when the boundary x — L is thermally insulated, no heat flows into or 
out of the rod, so 


ðu 


OX |x=L 


We can interpret (iii)' to mean that heat is lost from the right-hand end of the rod by 
being in contact with a medium, such as air or water, that is held at a constant tem- 
perature. From Newton’s law of cooling, the outward flux of heat from the rod is pro- 
portional to the difference between the temperature u(L, t) at the boundary and the 
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temperature Um of the surrounding medium. We note that if heat is lost from the left- 
hand end of the rod, the boundary condition is 


ðu 
p = h(u(0, f) — um). 
OX |x=0 

The change in algebraic sign is consistent with the assumption that the rod is at a 
higher temperature than the medium surrounding the ends so that u(0, £) > um and 
u(L, t) > Um. At x = 0 and x = L the slopes u,(0, f) and u,(L, t) must be positive and 
negative, respectively. 

Of course, at the ends of the rod we can specify different conditions at the same 
time. For example, we could have 


ðu 
= =0 and u(L, t) = ug, t> 0. 
OX |x=0 
We note that the boundary condition in (i)' is homogeneous if up = 0; if uo 7 0, 
the boundary condition is nonhomogeneous. The boundary condition (ii)' is homoge- 
neous; (iii)' is homogeneous if um = 0 and nonhomogeneous if um # 0. 


BOUNDARY-VALUE PROBLEMS Problems such as 


9? 9? 
Solve: aL = I ÜsreL £0 
Ox” ot 
Subject to: (BC) (0,5) 0, u(L,t)=0, t>0 (11) 
(IC) u(x,0) = f(x), | = gx), O<x<L 
t=0 
and 
0?u 9?u 
Solve: => ; =0, Cee dé, Usywub 
Ox? oy~ 
(12) 
. ðu ziii ðu =ü üey«bh 
Subject to: (BC) OX |x=0 OX |x=a 


u(x,0) =0, u(x b) =f; O<x<a 


are called boundary-value problems. 


MODIFICATIONS The partial differential equations (1), (2), and (3) must be 
modified to take into consideration internal or external influences acting on the 
physical system. More general forms of the one-dimensional heat and wave equa- 
tions are, respectively, 


8u ðu 


k 2x + G(x, t, u, u,) = at (13) 
,9u ou 
and a ae + F(x, t, u, u) = p (14) 


For example, if there is heat transfer from the lateral surface of a rod into a 
surrounding medium that is held at a constant temperature um, then the heat equa- 
tion (13) is 


8u 


k 
ox? 


ðu 
— h(u — u,,) = am 


In (14) the function F could represent the various forces acting on the string. For ex- 
ample, when external, damping, and elastic restoring forces are taken into account, 
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(14) assumes the form 


gu Q?u Qu 
a? à zta D= ae teg + ku 
x (15) 
External Damping Restoring 
force force force 


REMARKS 


The analysis of a wide variety of diverse phenomena yields mathematical 
models (1), (2), or (3) or their generalizations involving a greater number of spa- 
tial variables. For example, (1) is sometimes called the diffusion equation, 
since the diffusion of dissolved substances in solution is analogous to the flow 
of heat in a solid. The function u(x, t) satisfying the partial differential equation 
in this case represents the concentration of the dissolved substance. Similarly, 
equation (2) arises in the study of the flow of electricity in a long cable or trans- 
mission line. In this setting (2) is known as the telegraph equation. It can be 
shown that under certain assumptions the current and the voltage in the line are 
functions satisfying two equations identical with (2). The wave equation (2) 
also appears in the theory of high-frequency transmission lines, fluid mechan- 
ics, acoustics, and elasticity. Laplace’s equation (3) is encountered in the static 


displacement of membranes. 


EX E RC l S E S 1 2 . 2 Answers to selected odd-numbered problems begin on page ANS-20. 


In Problems 1—4 a rod of length L coincides with the interval 
[0, L] on the x-axis. Set up the boundary-value problem for 
the temperature u(x, t). 


1. 


The left end is held at temperature zero, and the right end 
is insulated. The initial temperature is f(x) throughout. 


. The left end is held at temperature uo, and the right end 


is held at temperature u. The initial temperature is zero 
throughout. 


. The left end is held at temperature 100, and there is heat 


transfer from the right end into the surrounding medium 
at temperature zero. The initial temperature is f(x) 
throughout. 


. The ends are insulated, and there is heat transfer from 


the lateral surface into the surrounding medium at tem- 
perature 50. The initial temperature is 100 throughout. 


In Problems 5-8 a string of length L coincides with the 
interval [0, L] on the x-axis. Set up the boundary-value prob- 


lem 


5. 


for the displacement u(x, t). 


The ends are secured to the x-axis. The string is released 
from rest from the initial displacement x(L — x). 


. The ends are secured to the x-axis. Initially, the string is 


undisplaced but has the initial velocity sin(7r x/ L). 


7. 


The left end is secured to the x-axis, but the right end 
moves in a transverse manner according to sin 7t. 
The string is released from rest from the initial dis- 
placement f(x). For t > 0 the transverse vibrations are 
damped with a force proportional to the instantaneous 
velocity. 


. The ends are secured to the x-axis, and the string is 


initially at rest on that axis. An external vertical force 
proportional to the horizontal distance from the left end 
acts on the string for t > 0. 


In Problems 9 and 10 set up the boundary-value problem for 
the steady-state temperature u(x, y). 


9. 


10. 


A thin rectangular plate coincides with the region 
defined by 0 € x x 4, 0 x y x 2. The left end and the 
bottom of the plate are insulated. The top of the plate is 
held at temperature zero, and the right end of the plate is 
held at temperature f(y). 


A semi-infinite plate coincides with the region defined 
by 0 x x X m, y = 0. The left end is held at temperature 
e ?, and the right end is held at temperature 100 for 
0 « y = I and temperature zero for y > 1. The bottom of 
the plate is held at temperature f(x). 
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12.3 HEAT EQUATION 


FIGURE 12.3.1 Temperatures in 
a rod of length L 


REVIEW MATERIAL 


e Section 12.1 
e A rereading of Example 2 in Section 5.2 and Example 1 of Section 11.4 is recommended. 


INTRODUCTION Consider a thin rod of length L with an initial temperature f(x) throughout 
and whose ends are held at temperature zero for all time t > 0. If the rod shown in Figure 12.3.1 
satisfies the assumptions given on page 438, then the temperature u(x, f) in the rod is determined 
from the boundary-value problem 


Ou ðu 
PS. O<x<L, t>0 (1) 
Ox Ot 
u(0,t) = 0, u(L,0) ^0, t>0 (2) 
u(x, 0) = f(x), O<x<L. (3) 


In this section we shall solve this BVP. 


SOLUTION OF THE BVP To start, we use the product u(x, f) = X(x)T(t) to 
separate variables in (1). Then, if —A is the separation constant, the two equalities 


eT ec (4) 
X kT 

lead to the two ordinary differential equations 
X" TAX =0 (5) 
T' + kAT = 0. (6) 


Before solving (5), note that the boundary conditions (2) applied to u(x, f) = XTA) 
are 


u(0, f) = XOTA = O and u(L, t) = X(L)T(t) = 0. 


Since it makes sense to expect that T(t) # O for all t, the foregoing equalities hold 
only if X(0) = 0 and X(L) = 0. These homogeneous boundary conditions together 
with the homogeneous DE (5) constitute a regular Sturm-Liouville problem: 


X"*AX-—0, X(0)=0, XQ) -9O. (7) 


The solution of this BVP was discussed thoroughly in Example 2 of Section 5.2. In 
that example we considered three possible cases for the parameter A: zero, negative, 
or positive. The corresponding solutions of the DEs are, in turn, given by 


X(x) = cy + cx, A=0 (8) 
X(x) = c, cosh ax + c, sinh ax, A= -œ <0 (9) 
X(x) = cı cos ax + c sin ax, A=a>0. (10) 


When the boundary conditions X(0) = 0 and X(L) = 0 are applied to (8) and (9), 
these solutions yield only X(x) = 0, and so we would have to conclude that u = 0. 
But when X(0) = 0 is applied to (10), we find that c; = 0 and X(x) = c» sin ax. The 
second boundary condition then implies that X(L) = c» sin aL = 0. To obtain a non- 
trivial solution, we must have c» # 0 and sin aL = 0. The last equation is satisfied 
when aL — mm or a — nm/L. Hence (7) possesses nontrivial solutions when 
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(a) u(x, t) graphed as a function of 
x for various fixed times 


(b) u(x, t) graphed as a function of 
t for various fixed positions 


FIGURE 12.3.2 Graphs of (17) 


when one variable is held fixed 


A, = @ = T/L, n = 1, 2, 3, .... These values of A are the eigenvalues of the 
problem; the eigenfunctions are 


nT 
X(x) = csin% n= 1, 2,3; 25 (11) 
From (6) we have T(t) = c4e "7^. so 
u, = XQ)T(f) = A, e «P sin x x, (12) 


where we have replaced the constant c5c5 by A,. Each of the product functions u,(x, £) 
given in (12) is a particular solution of the partial differential equation (1), and each 
uj (x, t) satisfies both boundary conditions (2) as well. However, for (12) to satisfy the 
initial condition (3), we would have to choose the coefficient A, in such a manner that 


u,(x, 0) = f(x) = A, sin x. (13) 


In general, we would not expect condition (13) to be satisfied for an arbitrary but 
reasonable choice of f. Therefore we are forced to admit that u,,(x, f) is not a solution 
of the given problem. Now by the superposition principle (Theorem 12.1.1) the 
function u(x, f) = E,-,u, or 


= axo. NT 
u(x,f) = J A,e Herre sin x (14) 
n-l 


must also, although formally, satisfy equation (1) and the conditions in (2). 
Substituting f = 0 into (14) implies that 


PE 4d = x 


n=1 


This last expression is recognized as a half-range expansion of f in a sine series. 
If we make the identification A, = b,, n= 1, 2, 3,...,it follows from (5) of 
Section 11.3 that 


A = 2 |p) sin xa (15) 
n= Fe Ei LE X: 


We conclude that a solution of the boundary-value problem described in (1), (2), and 
(3) is given by the infinite series 


22d nT TW nT 
1 6 od tee (| (x) sin — x ax) eg Fo m ID! sig — x, (16) 
LA ki Z 7 


In the special case when the initial temperature is u(x, 0) = 100, L = 77, and 
k = 1, you should verify that the coefficients (15) are given by 


200| 1 = (—1)" 
HEBES 
T n 
and that (16) is 
200 < 


u(x, t) = > | 


T n=1 


1 - (-1» 


n 


le? sin nx. (17) 


USE OF COMPUTERS Since u is a function of two variables, the graph of the so- 
lution (17) is a surface in 3-space. We could use the 3D-plot application of a computer 
algebra system to approximate this surface by graphing partial sums S,(x, f) over a 
rectangular region defined by 0 = x = 7,0 t < T. Alternatively, with the aid of 
the 2D-plot application of a CAS we can plot the solution u(x, f) on the x-interval 
[0, 77] for increasing values of time t. See Figure 12.3.2(a). In Figure 12.3.2(b) the 
solution u(x, t) is graphed on the t-interval [0, 6] for increasing values of x (x = 0 is 
the left end and x = 7 /2 is the midpoint of the rod of length L = m.) Both sets of 
graphs verify what is apparent in (17)— namely, u(x, f) — 0 as t — oo. 
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| EXERCISES 12.3 


Answers to selected odd-numbered problems begin on page ANS-20. 


In Problems 1 and 2 solve the heat equation (1) subject to the 
given conditions. Assume a rod of length L. 


1. u(0,t) 40, u(L,t) =0 
| 0 Sx«52 
DUE n L/2<x<L 


2. u(0,t) =0, u(L,t) = 0 
u(x, 0) = x(L — x) 


3. Find the temperature u(x, t) in a rod of length L if the 
initial temperature is f(x) throughout and if the ends 
x = 0 and x = L are insulated. 


4. Solve Problem 3 if L — 2 and 


fo) s 0<x<1 
PES 
0 1x2. 


5. Suppose heat is lost from the lateral surface of a thin rod 
of length L into a surrounding medium at temperature 
zero. If the linear law of heat transfer applies, then the 
heat equation takes on the form 

9?u _ ou 


k— — hu = —, 
ox ðt 

0<x< L, t>0, h a constant. Find the temperature 
u(x, t) if the initial temperature is f (x) throughout and the 


ends x = 0 and x = L are insulated. See Figure 12.3.3. 


Insulated 0° Insulated 


D 
- 
Pree th. 


Heat transfer from 
lateral surface of 
the rod 


FIGURE 12.3.3 Rod losing heat in Problem 5 


6. Solve Problem 5 if the ends x = 0 and x = Lare held at 
temperature zero. 


Discussion Problems 


7. Figure 12.3.2(b) shows the graphs of u(x, t) for0 S t = 6 
for x = 0, x = 7/12, x = 7/6, x = 7/4, and x = 7/2. 
Describe or sketch the graphs of u(x, t) on the same time 
interval but for the fixed values x = 37/4, x = 57/6, 
x = 117/12, and x = 7. 


8. Find the solution of the boundary-value problem given 
in (1)-(3) when f(x) = 10 sin(5zx/L). 


Computer Lab Assignments 


9. (a) Solve the heat equation (1) subject to 


u(0,t) = 0, u(100,7) = 0, t>0 
0.8.x, 0=x=50 
u(x, 0) = 
0.81100 — x), 50<x = 100. 


(b) Use the 3D-plot application of your CAS to 
graph the partial sum Ss(x, t) consisting of the first 
five nonzero terms of the solution in part (a) for 
0=x = 100,0 x t x 200. Assume that k = 1.6352. 
Experiment with various three-dimensional viewing 
perspectives of the surface (called the ViewPoint 
option in Mathematica). 


12.4 


WAVE EQUATION 


REVIEW MATERIAL 


in Figure 12.2.2(a) is determined from 


* Reread pages 439—441 of Section 12.2. 


2 2 
„u Pu 


INTRODUCTION We are now in a position to solve the boundary-value problem (11) that was 
discussed in Section 12.2. The vertical displacement u(x, t) of the vibrating string of length L shown 


Gad oF O<x<L, t>0 (1) 

u(0,t) = 0, u(L,t=0, t>0 (2) 
ðu 

u(x, 0) = f(x), = g(x) O<x<L. (3) 
Ot |1=0 
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SOLUTION OF THE BVP With the usual assumption that u(x, f) = X(x)T(0), sep- 
arating variables in (1) gives 


x" T" 
— = =—À 
X aT 
so that X"+ àX=0 (4) 
T" + a?AT — O. (5) 


As in the preceding section, the boundary conditions (2) translate into X(0) — 0 
and X(L) = 0. Equation (4) along with these boundary conditions is the regular 
Sturm-Liouville problem 


X"+AX=0, X(0)=0, X(L) = 0. (6) 


Of the usual three possibilities for the parameter, A = 0, A = —a? <0, and 
à = o? > 0, only the last choice leads to nontrivial solutions. Corresponding to 
A =a’,a > 0, the general solution of (4) is 


X = c cos ax + csin ax. 


X(0) = 0 and X(L) = 0 indicate that c; = 0 and c» sin aL = 0. The last equation 
again implies that aL = nm or œ = nr /L. The eigenvalues and corresponding 


; . . NT 
eigenfunctions of (6) are A, = nnm? /L and X(x) = csin L HW 1,253, 


The general solution of the second-order equation (5) is then 
T(t) NTA git Tt 
= c} cos —— C4 Sin —— t. 
: L EE 


By rewriting c»c3 as A, and c2c4 as B,, solutions that satisfy both the wave equation 
(1) and boundary conditions (2) are 


na . nTa |, NT 
uU, = (4, cos —— t + B, sin — ) sin — x (7) 
L L L 
and u(x, t) — > (4, cos = t + B, sin = r) sin -y (8) 
n=1 L L L 


Setting t = 0 in (8) and using the initial condition u(x, 0) = f(x) gives 
u(x, 0) = fœ) = M A, sin d 
n=1 


Since the last series is a half-range expansion for f in a sine series, we can write 
An = dy: 


a, - 2 | feos? d (9) 
A 1l FM x 


To determine B,, we differentiate (8) with respect to ¢ and then set t = 0: 


ðu 
ðt 


s na nT 
= g(x) = B,—]sin—x. 
g(x) 5( E ) 5 


1-0 n-l 


For this last series to be the half-range sine expansion of the initial velocity g on 
the interval, the total coefficient B,na/L must be given by the form b, in (5) of 
Section 11.3, that 1s, 

nma 2 


B [ «cosi? d 
—— = — X) SIN —X dx 
n L Lj? L 
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from which we obtain 


2 qe nT 
B, ——4| 2000s — xdx: (10) 
nTa Jo DE 
The solution of the boundary-value problem (1)-(3) consists of the series (8) 
with coefficients A, and B, defined by (9) and (10), respectively. 
We note that when the string is released from rest, then g(x) = 0 for every x in 
the interval [0, L], and consequently, B, = 0. 


PLUCKED STRING A special case of the boundary-value problem in (1)-(3) is the 
model of the plucked string. We can see the motion of the string by plotting the solu- 
tion or displacement u(x, f) for increasing values of time ¢ and using the animation 
feature of a CAS. Some frames of a “movie” generated in this manner are given in 
Figure 12.4.1; the initial shape of the string is given in Figure 12.4.1(a). You are asked 
to emulate the results given in the figure plotting a sequence of partial sums of (8). See 
Problems 7 and 22 in Exercises 12.4. 


u u u 
i — i | l ' i i | | i i ' | 
0 Pu 0 x 0 x 

e -1 —-1 

i 3 3 1 2 3 1 2 3 


(a) t 2 O initial shape (b) £2 0.2 (c) t 2 0.7 
u u u 
1 1 1 
0 ——- 0 —— 0 ——1 
= m -1 
i 2 3 Ln 2 3 | 2 3 
(d) t=1.0 (e) t» 1.6 (f) t2 1.9 


FIGURE 12.4.1 Frames of a CAS “movie” 


STANDING WAVES Recall from the derivation of the one-dimensional wave equa- 
tion in Section 12.2 that the constant a appearing in the solution of the boundary-value 
problem in (1), (2), and (3) is given by VT/p, where p is mass per unit length and T is 
the magnitude of the tension in the string. When T is large enough, the vibrating string 
produces a musical sound. This sound is the result of standing waves. The solution (8) 
is a superposition of product solutions called standing waves or normal modes: 


u(x, f) = u(x, f) + w(x, f) + ux, D nn. 


In view of (6) and (7) of Section 5.1 the product solutions (7) can be written as 
na n 
, t) = C, sin | — t + in — x, 11 
Uu, (x, t) , sin ( T 4) sin L* (11) 


where C, = V/A? + B? and ¢, is defined by sin $, = A,/C, and cos $, = B,/C,. 
For n = 1,2,3,...the standing waves are essentially the graphs of sin(nx/L), with 
a time-varying amplitude given by 


naa 
C, sin) — t + ! 
n ( L 4) 


Alternatively, we see from (11) that at a fixed value of x each product function 
u,(x, t) represents simple harmonic motion with amplitude C,|sin(nz x/L)| and 
frequency f, = na/2L. In other words, each point on a standing wave vibrates with 
a different amplitude but with the same frequency. When n — 1, 


Ta T 
, t) = C,sin| — t + in — 
u(x, f) (7 4) sin yx 
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is called the first standing wave, the first normal mode, or the fundamental 
mode of vibration. The first three standing waves, or normal modes, are shown in 
See neg L* Figure 12.4.2. The dashed graphs represent the standing waves at various values of 
Sea time. The points in the interval (0, L), for which sin(nz / L)x = 0, correspond to 
points on a standing wave where there is no motion. These points are called nodes. 
For example, in Figures 12.4.2(b) and 12.4.2(c) we see that the second standing wave 
has one node at L/2 and the third standing wave has two nodes at L/3 and 21/3. In 
general, the nth normal mode of vibration has n — 1 nodes. 


a The frequency 
x 
pu See 
“€ 2L SN 
of the first normal mode is called the fundamental frequency or first harmonic and 
is directly related to the pitch produced by a stringed instrument. It is apparent that 
x the greater the tension on the string, the higher the pitch of the sound. The 
frequencies f, of the other normal modes, which are integer multiples of the funda- 
mental frequency, are called overtones. The second harmonic is the first overtone, 
(c) Third standing wave and so on. 
FIGURE 12.4.2 First three standing 
Waves 
| | EX E RC | S E S 1 2 : 4 Answers to selected odd-numbered problems begin on page ANS-20. 
In Problems 1-8 solve the wave equation (1) subject to the 7. u(0,t) =0, u(L,t) 2 0 
given conditions. 
2 gere! 
1. 40,2 =0, u(L,)=0 L’ uu m e 
u(x, 0) — — =0 
u0 Lx», “| =0 ~ lgi- esa. SUE 
Í 4 "At |t=0 Ia ~ 
2. u(0,t) =0, u(L,t) =0 
ðu ðu 
8. = 0, =0 
u(x,0) = 0, — = x(L — x) OX |x=0 OX |x=L 
Ot |t=0 
3. u(0, 1) =0, u(L, 1) =0 WOO) mop os 
ee ðu i 
u(x, 0), given in Figure 12.4.3, ‘at limo This problem could describe the longitudinal displace- 
ment u(x, t) of a vibrating elastic bar. The boundary 
fe) conditions at x — 0 and x — L are called free-end 
ile conditions. See Figure 12.4.4. 
L/3 2L/3 L * 


FIGURE 12.4.3 Initial displacement in Problem 3 


4. u(0,t) = 0, ulm, =0 
FIGURE 12.4.4 Vibrating elastic bar in Problem 8 


-ln 4 = 
u(x, 0) = cx(m x^) rs 
9. A string is stretched and secured on the x-axis at x = 0 
5. u(0, t) = 0, u(7,0 = 0 and x = 7 for t > 0. If the transverse vibrations take 
ðu ] place in a medium that imparts a resistance proportional 
u(x, 0) — 0, Of i-o THAN to the instantaneous velocity, then the wave equation 


takes on the form 

6. u(0,t) =0, ul, ^0 
i d 55 M agb. eese 9g 
u(x, 0) = 0.01 sin 37x, ro oe 0 ae ab ar , : 


Find the displacement u(x, t) if the string starts from rest 
from the initial displacement f(x). 


10. Show that a solution of the boundary-value problem 


u Ou 
3 f s O0cxc«m t>0 

Ox* ot 

u(0,t) =0, u(7,0 ^0, t>0 
I 0cx« m/2 

wee f x « m 
T-X, TW2Sx<T7 

ðu 

m =0, O<x<7 

Ot 11-0 

is 
4 oo =] k+1 
u(x, t) = a ce D? sin(2k — 1)x cos V(2k — 1 + 1t. 


11. The transverse displacement u(x, t) of a vibrating beam 
of length L is determined from a fourth-order partial 
differential equation 


4 2 
,9 € | ou 


a 
ox! ar? 


=0, O<x<L, t>0. 


If the beam is simply supported, as shown in Figure 
12.4.5, the boundary and initial conditions are 


u(0, t) = 0, u(L,t)=0, t>0 
9? 
“| =0, =| =0, r0 
Ox* |x=0 OX? |x=L 
ðu 
u(x, 0) = f(x), | =x), 0<x<L. 
Ot |i-0 


Solve for u(x, t). [Hint: For convenience use A = o 


when separating variables. ] 


FIGURE 12.4.5 Simply supported beam in Problem 11 


12. If the ends of the beam in Problem 11 are embedded 
at x = 0 and x = L, the boundary conditions become, 


for t > 0, 
u(0O,t) =0, u(L,t) =0 
ð ð 
“| =0, S| 20 
OX |x=0 OX Ix=L 


(a) Show that the eigenvalues of the problem are 
A, = X/D?, where x,, n= 1, 2, 3,..., are the 
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positive roots of the equation 
cosh x cos x = 1. 
(b) Show graphically that the equation in part (a) has an 
infinite number of roots. 
(c) Use a calculator or a CAS to find approximations to 


the first four eigenvalues. Use four decimal places. 


13. Consider the boundary-value problem given in (1), (2), 
and (3) of this section. If g(x) = 0 for 0 < x < L, show 
that the solution of the problem can be written as 


u(x, t) = Lifa + at) + f(x — at)]. 


[Hint: Use the identity 
2 sin 0; cos 0» = sin(0, + 05) + sin(0; — 02).] 


14. The vertical displacement u(x, t) of an infinitely long 
string is determined from the initial-value problem 


,9u Ou 
B om —o-«cx-«co, r0 
Ox ot 


(12) 


u(x, 0) = f(x). ," 80» 


u 
ðt |= 


This problem can be solved without separating variables. 


(a) Show that the wave equation can be put into the 
form 07u/dnd€ = 0 by means of the substitutions 
€=x+atandy =x — at. 

(b) Integrate the partial differential equation in part (a), 
first with respect to 7 and then with respect to é, 
to show that u(x, t) = F(x + at) + G(x — at), where 
F and G are arbitrary twice differentiable functions, 
is a solution of the wave equation. Use this solution 
and the given initial conditions to show that 


F(x) = sf) + + [ «ow tc 


2a Jx, 


x 


1 1 
and G(x) = 5/09 = i| g(s)ds — c, 


where xo is arbitrary and c is a constant of 
integration. 


(c) Use the results in part (b) to show that 


x-cat 


1 1 
u(x, t) = 5 [f(x + at) + f(x — at)] + x g(s)ds. (13) 


Note that when the initial velocity g(x) = 0, we 
obtain 


1 
u(x, t) = 2 [f(x + at) + f(x — an], —00 « x < co, 
This last solution can be interpreted as a super- 
position of two traveling waves, one moving to 
the right (that is, 1 f(x — at)) and one moving to the 
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left Gf + at). Both waves travel with speed 
a and have the same basic shape as the initial 
displacement f(x). The form of u(x, f) given in (13) is 
called d’Alembert’s solution. 


In Problems 15-18 use d' Alembert's solution (13) to solve 
the initial-value problem in Problem 14 subject to the given 
initial conditions. 
15. f(x) = sin x, 
16. f(x) = sin x, 
17. f(x) =0, g(x) = sin 2x 
18.f(0)2 €*, (9-0 


g(x) = 1 


g(x) = cos x 


Computer Lab Assignments 


19. (a) Use a CAS to plot d' Alembert’s solution in Problem 
18 on the interval [—5, 5] at the times t = 0,1 = 1, 
t = 2, t = 3, and t = 4. Superimpose the graphs on 
one coordinate system. Assume that a = 1. 

(b) Use the 3D-plot application of your CAS to plot 
d'Alembert's solution u(x, f) in Problem 18 for 
—-Ssx<=5, 0=1t<4. Experiment with various 
three-dimensional viewing perspectives of this 
surface. Choose the perspective of the surface for 
which you feel the graphs in part (a) are most 
apparent. 


20. A model for an infinitely long string that is initially held 
at the three points (—1, 0), (1, 0), and (0, 1) and then 
simultaneously released at all three points at time t = 0 


is given by (12) with 


» [xfs 


|x| >1 


f -|x 
f(x) 0 and g(x) = 0. 
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(a) Plot the initial position of the string on the interval 
[—6, 6]. 

(b) Use a CAS to plot d'Alembert's solution (13) on 
[76,6] fort = 0.2k, k 20,1, 2,..., 25. Assume 
that a = 1. 


(c) Use the animation feature of your computer algebra 
system to make a movie of the solution. Describe the 
motion of the string over time. 


21. An infinitely long string coinciding with the x-axis 
is struck at the origin with a hammer whose head is 
0.2 inch in diameter. A model for the motion of the 


string is given by (12) with 


1, |x| x 0.1 


f(x) =0 and gx) = I |x| = 0.1. 


(a) Use a CAS to plot d’Alembert’s solution (13) on 
[76,6] fort = 0.2k, k = 0, 1, 2,..., 25. Assume 
that a = 1. 


(b) Use the animation feature of your computer algebra 
system to make a movie of the solution. Describe the 
motion of the string over time. 


22. The model of the vibrating string in Problem 7 is called 
the plucked string. The string is tied to the x-axis at 
x = Oand x = Land is held at x = L/2 at h units above 
the x-axis. See Figure 12.2.4. Starting at t = 0 the string 


is released from rest. 


(a) Use a CAS to plot the partial sum S¢(x, f) — that is, 
the first six nonzero terms of your solution—for 
t = 0.1k,k =0, 1,2, ..., 20. Assume that a = 1, 
h-—1,andL — vr. 

(b) Use the animation feature of your computer alge- 


bra system to make a movie of the solution to 
Problem 7. 


| 12.5 


LAPLACE'S EQUATION 


REVIEW MATERIAL 


e Reread page 438 of Section 12.2 and Example 1 in Section 11.4. 


INTRODUCTION Suppose we wish to find the steady-state temperature u(x, y) in a rectangular 
plate whose vertical edges x — 0 and x — a are insulated, as shown in Figure 12.5.1. When no heat 
escapes from the lateral faces of the plate, we solve the following boundary-value problem: 


Ou u 

NE 2570, 0cx«a, O«y«b (1) 
Ox” Oy 

me) eg, ET (2) 
OX |x=0 i OX |x=a á d 

u(x,0) 20, u(xb)-f() 0<x<a. (3) 


Insulated Insulated 


FIGURE 12.5.1 Steady-state 


temperatures in a rectangular plate 
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SOLUTION OF THE BVP With u(x, y) = X(x)Y(y) separation of variables in (1) 


leads to 
x" y" 
————-—A 
X Y 
X" - AX-20 (4) 
Y'—AY-0. (5) 


The three homogeneous boundary conditions in (2) and (3) translate into X'(0) — 0, 
X'(a) = 0, and Y(0) = 0. The Sturm-Liouville problem associated with the equation 
in (4) 1s then 


X"+AX=0, X'(0)—0, X'(a) = 0. (6) 


Examination of the cases corresponding to A = 0, A = -a?« 0, and A = a? >0, 
where a > 0, has already been carried out in Example 1 in Section 11.4." Here is a 
brief summary of that analysis. 

For A = 0, (6) becomes 


X'—0, X'(0)—0, X'(a) — 0. 


The solution of the DE is X = c, + cox. The boundary conditions imply X = cy. 
By imposing c, # 0, this problem possesses a nontrivial solution. For A = —a? < 0, 
(6) possesses only the trivial solution. For A = a? > 0, (6) becomes 


X"+a?X=0, X'0)=0, X'(a) =0. 


The solution of the DE in this problem is X = c; cos ax + c» sin ax. The boundary 
condition X'(0) = 0 implies that c2 = 0, so X = c; cos ax. Differentiating this last 
expression and then setting x = a gives —c, sin aa = 0. Since we have assumed that 
a > 0, this last condition is satisfied when aa = nr ora = nm /a,n = 1,2,.... The 
eigenvalues of (6) are then Aj = 0 and A, = o2 = ma? /aà),n = 1,2,.... If we cor- 
respond Ag = 0 with n = 0, the eigenfunctions of (6) are 


nT 
X=c, n = 0, and X = cı cos — x, n=1,2,.... 
a 


We now solve equation (5) subject to the single homogeneous boundary 
condition Y(0) = 0. There are two cases. For Ao = 0, equation (5) is simply Y" = 0; 
therefore its solution is Y = c3 + c4y. But Y(0) = 0 implies that c3 = 0, so Y = cay. 
n 

g 


2 
For A, = n?q?/a?, (5) is Y" — Y = 0. Because 0 < y « b defines a finite 


interval, we use (according to the informal rule indicated on pages 135-136) the 
hyperbolic form of the general solution: 


Y = c4 cosh (nary/a) + c, sinh (nary/a). 
Y(0) = 0 again implies that c3 = 0, so we are left with Y = c4 sinh (nz y/a). 


Thus product solutions un = X(x)Y(y) that satisfy the Laplace's equation (1) and 
the three homogeneous boundary conditions in (2) and (3) are 


.. NT nT 
Agy, n =Q, and A,, sinh — y cos — x, n=1,2,..., 
a a 


where we have rewritten c1c4 as Ao for n = 0 and as A, for n = 1,2,.... 


“In that example the symbols y and L play the part of X and a in the current discussion. 
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u(x, y) — 


The superposition principle yields another solution: 


nT NT 
— yts —&: (7) 
a a 


u(x, y) = Agy + , A sinh 


n-l 


We are now in a position to use the last boundary condition in (3). Substituting 
x — bin (7) gives 


u(x, b) ^ f(x) =A b+ > (4, sinh — ») COS x, 
n=1 a a 


which is a half-range expansion of fin a cosine series. If we make the identifications 
Aob = ag/2 and A, sinh (nm b/a) = an,n = 1, 2,3,..., it follows from (2) and (3) 
of Section 11.3 that 


2Ab = a dx 
a Jo 


1 a 
Ao = E) f(x) dx (8) 
ab 0 
oo AT P NT 
and A, sinh — b = Al f(x) cos — x dx 
a a Jo a 
2 a nT 
A, = ———— | f(@)cos—xdx. (9) 
n 
a sinh — p °° : 
a 


The solution of the boundary-value problem (1)-(3) consists of the series in (7), 
with coefficients A, and A, defined in (8) and (9), respectively. 


DIRICHLET PROBLEM A boundary-value problem in which we seek a solution 
of an elliptic partial differential equation such as Laplace's equation V?u = 0, within 
a bounded region R (in the plane or 3-space) such that u takes on prescribed values 
on the entire boundary of the region is called a Dirichlet problem. In Problem 1 in 
Exercises 12.5 you are asked to show that the solution of the Dirichlet problem for a 
rectangular region 


ou ou 

ob os 0i 0cx«a, O<y<b 

Ox oy 

u(0,y)=0, u(a, y) - 0, O<y<b 

u(x,0) 20, u(x, b) 2f), 0€x«a 
is 
oo 2 a 
SA, sinh Z ysin x, where A, = ———— f f@ sin Z xdx. (10) 
n=1 a a $ n7 0 a 

a sinh — b 
a 


In the special case when f(x) = 100, a = 1, b = 1, the coefficients A, in (10) 
1- CD" 
nT sinh n7 
surface defined by u(x, y) over the region R: 0x1, OS y=1, in 
Figure 12.5.2(a). You can see in the figure that the boundary conditions are satisfied; 
especially note that along y = 1, u = 100 for 0 - x < 1. The isotherms, or curves in 
the rectangular region along which the temperature u(x, y) is constant, can be 
obtained by using the contour plotting capabilities of a CAS and are illustrated in 


are given by A, = 200 . With the help of a CAS we plotted the 


u(x, y) 


0.5 
7 


(a) Surface 


i i i y 
0.2 04 06 08 1 


(b) Isotherms 


FIGURE 12.5.2 Surface is graph 
of partial sums when f(x) = 100 and 
a=b = 1 in (10) 
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Figure 12.5.2(b). The isotherms can also be visualized as the curves of intersection 
(projected into the xy-plane) of horizontal planes u = 80, u = 60, and so on, with 
the surface in Figure 12.5.2(a). Notice that throughout the region the maximum 
temperature is u = 100 and occurs on the portion of the boundary corresponding to 
y = 1. This is no coincidence. There is a maximum principle that states a solution 
u of Laplace’s equation within a bounded region R with boundary B (such as a 
rectangle, circle, sphere, and so on) takes on its maximum and minimum values on 
B. In addition, it can be proved that u can have no relative extrema (maxima or min- 
ima) in the interior of R. This last statement is clearly borne out by the surface shown 
in Figure 12.5.2(a). 


SUPERPOSITION PRINCIPLE A Dirichlet problem for a rectangle can be readily 
solved by separation of variables when homogeneous boundary conditions are spec- 
ified on two parallel boundaries. However, the method of separation of variables is 
not applicable to a Dirichlet problem when the boundary conditions on all four sides 
of the rectangle are nonhomogeneous. To get around this difficulty, we break the 
problem 


u au = 

T P n 0<x<a, O<y<b 

u(0,y) = F(y, ula, y) = GO), O<y<b (11) 
u(x, 0) = f(x), u,b) = g@), O<x<a 


into two problems, each of which has homogeneous boundary conditions on parallel 
boundaries, as shown: 


Problem 1 Problem 2 
d x: ^ i i ^N 
Q?u, Q?u, au Q?u, 
E WD = = <x< <y< ENTE =“ = <x< <y< 
EE 592 0 O<x<a, O0<y<b EE ae 0, O<x<a, O0O<y<b 
u,(0, y) = 0, us (a, y) = 0, O0<y<b u,(0, y) = F(y), u,(a, y) = Gy), 0cycb 
u(x, 0) = f(x) u(x, b) = g(x), O<x<a u,(x,0) = 0, w(x,b)=0, O<x<a 


FIGURE 


Suppose u, and u» are the solutions of Problems 1 and 2, respectively. If we 
define w(x, y) = uix, y) + u2(x, y), it is seen that u satisfies all boundary conditions 
in the original problem (11). For example, 


u(0, y) = u,(0, y) + uX(0, y) = 0 + Fly) = FO), 
u(x, b) = ux, b) + m(x, b) = g(x) + 0 = gQ), 


and so on. Furthermore, u is a solution of Laplace's equation by Theorem 12.1.1. 
In other words, by solving Problems 1 and 2 and adding their solutions, we have 
solved the original problem. This additive property of solutions is known as the 
superposition principle. See Figure 12.5.3. 


x 


f(x) 


12.5.3 Solution u = Solution u; of Problem 1 + Solution u» of Problem 2 
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We leave as exercises (see Problems 13 and 14 in Exercises 12.5) to show that a 


solution of Problem 1 is 


where 


oœ 


u(x, y) = > fa, cosh zy + B,sinh "y sin 2a 
a a a 


n=1 


2 fe . NT 
A, = : g(x) sn —xdx 
a Jo a 


1 PEL 
B, = —— al g(x) sin — x ix = A,cosh™™ 5), 
a a 


a Jo 


sinh — b 
a 


and that a solution of Problem 2 is 


where 


œ 


way = X [^ cosh x + B,sinh "m sin T» 


n=1 


A 2 frosna 
= = Si =— 
n= 5) Pod sin Fy dy 


b 


1 2? 
B -——(}| GO) sin 7 y dy — A, cosh 7 a 
0 


) 


| EXERCISES 12.5 


Answers to selected odd-numbered problems begin on page ANS-21. 


In Problems 1—10 solve Laplace's equation (1) for a rectan- 8. u(0, y) = 0, u(1, y) =0 
gular plate subject to the given boundary conditions. Jü 
ps = u(x, 0, u(x, 1) = f(x) 
1. u(0,y) =0, u(a, y) - 0 Tet 
u(x,0) =0, u(x, b) = f(x) 
u m 9. u(0, y) = 0, u(l,y)-0 
BuO, aures u(x,0) = 100, u(x, 1) = 200 
ð 
Z| =0, u@ b) — fQ) 
92 en ðu 
10. u(0, y) = 10y, ==] 
3. u0, y) =0, — u(a y) - 0 uL Rc 
uœ 0) =f), u&x, b)=0 u(x,0)=0, — u(x 1) =0 
Q9] ly HK 
' Oxlx-o 'o Oxlx-a In Problems 11 and 12 solve Laplace's equation (1) for the 
u(x,0) =x, u(x, b) 20 given semi-infinite plate extending in the positive y-direction. 
In each case assume that u(x, y) is bounded as y — oc. 
5. (00) 20, u(l,y) -1—y 
ð ð 
“| =0, S| = 11. 5 
Oy ly=0 Oy ly=1 
ðu 
6. u(0, y) = 8), Pe 
X [x21 u=0 u=0 
ðu ðu 
i = 0, Potes = 0 
Oy ly=0 OY ly=a 
ðu 0 / mT x 
7. ds - = u(0, y), u(a,y) = 1 u= f(x) 
u(x, 0) = 0, u(x, 7) = O FIGURE 12.5.4 Plate in Problem 11 
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12. Discussion Problems 


NV 


S 17. (a) In. Problem 1 suppose that a— b -— v and 
F(x) = 100x(7 — x). Without using the solution 
Insulated Insulated u(x, y), sketch, by hand, what the surface would 
look like over the rectangular region defined by 
Ozxz-m,0-yczr. 


0 m X (b) What is the maximum value of the temperature u for 
u - f(x) 0zxxz-m0z-yzmqm? 


(c) Use the information in part (a) to compute the 
coefficients for your answer in Problem 1. Then 
use the 3D-plot application of your CAS to graph 
the partial sum Ss(x, y) consisting of the first 
five nonzero terms of the solution in part (a) for 
Oz xzxm,0- y x a. Use different perspectives 
and then compare with your sketch from part (a). 


13. u(0, y) = 0, u(a, y) = 0 18. In Problem 16 what is the maximum value of the tem- 
u(x, 0) = fœ), ux, b) = gi) perature u for 0 <x x 2,0 y x 2? 


14. u(0, y) = F(y, ula, y) = GCy) 
u(x, 0) = 0, u(x, b) = 0 


FIGURE 12.5.5 Plate in Problem 12 


In Problems 13 and 14 solve Laplace's equation (1) for a rec- 
tangular plate subject to the given boundary conditions. 


Computer Lab Assignments 


19. (a) Use the contour-plot application of your CAS to 


In Problems 15 and 16 use the superposition principle to graph the isotherms u = 170, 140, 110, 80, 60, 30 
solve Laplace’s equation (1) for a square plate subject to the for the solution of Problem 9. Use the partial sum 
given boundary conditions. Ss(x, y) consisting of the first five nonzero terms of 
the solution. 
15. u(0,y)=1, u(m,y)-1 (b) Use the 3D-plot application of your CAS to graph 
u(x,0) =0, u(xm7)-1 the partial sum Ss(x, y). 


20. Use the contour-plot application of your CAS to graph 
the isotherms u = 2, 1, 0.5, 0.2, 0.1, 0.05, 0, —0.05 for 
the solution of Problem 10. Use the partial sum Ss(x, y) 
2-x lzx«2 consisting of the first five nonzero terms of the solution. 


16. u(0,y) 20, u(2,y) = y(2 — y) 
I 0<x<1 
u(x, 0) = 0, u(x2)- 
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REVIEW MATERIAL 
e Sections 12.3-12.5 


INTRODUCTION A boundary-value problem is said to be nonhomogeneous if either the partial 
differential equation or the boundary conditions are nonhomogeneous. The method of separation of 
variables that we employed in the preceding three sections may not be applicable to a nonhomoge- 
neous boundary-value problem directly. However, in the first of the two techniques examined in this 
section we employ a change of variable that transforms a nonhomogeneous boundary-value problem 
into a two problems: one a relatively simple BVP for an ODE and the other a homogeneous BVP for 
a PDE. The latter problem is solvable by separation of variables. The second technique is basically a 
frontal attack on the BVP using orthogonal series expansions. 


NONHOMOGENEOUS BVPs When heat is generated at a rate r within a rod of 
finite length, the heat equation takes on the form 


8u ðu 
tgs tenet, ied. (1) 
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Equation (1) is nonhomogeneous and is readily shown not to be separable. On the other 
hand, suppose we wish to solve the homogeneous heat equation ku,, = u, when the 
boundary conditions at x — 0 and x — L are nonhomogeneous — say, the boundaries 
are held at nonzero temperatures: u(0, f) = uo and u(L, f) = u1. Even though the sub- 
stitution u(x, f) = X(T separates ku,, = u;, we quickly find ourselves at an impasse 
in determining eigenvalues and eigenfunctions, since no conclusion can be drawn 
about X(0) and X(L) from u(0, f) = X(0)T(t) = uo and u(L, t) = X(L)T(t) = uj. 

What follows are two solution methods that are distinguished by different types 
of nonhomogeneous BVPs. 


METHOD 1 Consider a BVP involving a time-independent nonhomogeneous 
equation and time-independent boundary conditions such as 


07u ðu 
k—, + FQ) =>, Q«xsL, t>0 
Ox Ot 


u(0,) =u, u(L.D uw, t>0 Q) 
u(x,0) =f@), 0<x< L, 
where uo and u; are constants. By changing the dependent variable u to a new 


dependent variable v by the substitution u(x, t) = v(x, f) + W(x), the problem in (2) 
can be reduced to two problems: 


Problem A: [k^ + FQ) 2 0, 0) =u, WL = u 
Pv av 
ox? ať 
v(0,0 = 0, v(L,) =0 
v(x, 0) = f(x) — v) 


Notice that Problem A involves an ODE that can be solved by integration, whereas 

Problem B is a homogeneous BVP that is solvable by the usual separation of variables. 

A solution of the original problem (2) is the sum of the solutions of Problems A and B. 
The following example illustrates this first method. 


| EXAMPLE 1 Using Method 1 


Suppose r is a positive constant. Solve (1) subject to 
u(0, t) = 0, u(l, t) = upo t0 
u(x,0)=f@, 0<x<1. 


Problem B: 


SOLUTION Both the partial differential equation and the boundary condition at 
x = | are nonhomogeneous. If we let u(x, f) = v(x, f) + w(x), then 


Ou ev n d ðu ðv 
——7— an — — — 
ax” dx ðt ðt 
Substituting these results into (1) gives 
ay ðv 
k + ky" +r =. 3 
ox? y ðt 6) 


Equation (3) reduces to a homogeneous equation if we demand that y satisfy 
ky" +r=0 or yr = —* 


Integrating the last equation twice reveals that 


W(x) =- 5 + cx + es (4) 
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Furthermore, u(0, t) = v(0, tf) + y0) = 0 
u(1, t) = v1, ) + WC) = ug. 
We have v(0, f) = 0 and v(1, f) = 0, provided that 
y(0) = 0 and U(1) = up. 


Applying the latter two conditions to (4) gives, in turn, c? = 0 and cy = r/2k + uo. 
Consequently, 


Finally, the initial condition u(x,0)=v(x,0)+ Ww) implies that 
v(x, 0) = u(x, 0) — y(x) = f(x) — y(x). Thus to determine v(x, f), we solve the 
new boundary-value problem 


ox) or 


v0.0 20, v(1,0 20, t>0 


ay ðv 
=— 0291, £0 


r r 
v(x, 0) = f(x) 4 Ta (5 is mo) O0<x<1 
by separation of variables. In the usual manner we find 


oo 
v(x, ) = X A, e *" "sin nar, 


n-l 


where 
A 2 [ [0 Ze (z+ | in nx d (5) 
= PS = |S + ig |x |sin. mx ax. 
ES Au ub me 
A solution of the original problem is obtained by adding v (x) and v(x, f): 
u(x, t) = ly ee (5 tu ) + Sa e "7 sin nma (6) 
l 2k Nm c = Í 
where the coefficients A, are defined in (5). [| 


Observe in (6) that u(x, t) — w(x) as t — ~. In the context of solving forms of 
the heat equation, y/ is called a steady-state solution. Since v(x, f) — 0 as t > ®, it 
is called a transient solution. 


METHOD 2 Another type of problem involves a time-dependent nonhomo- 
geneous equation and homogeneous boundary conditions. Unlike Method 1, in 
which u(x, f) is found by solving two separate problems, it is possible to find the en- 
tire solution of a problem such as 

ou 
ox? 


u(0,t) =0, u(L,0) ^0, t»0 (7) 
u(x,0) f(x) O<x<L, 


ðu 
k ui aT Ocx-«L, t>0 


by making the assumption that time-dependent coefficients u,(f) and F;(f) can be 
found such that both u(x, f) and F(x, t) in (7) can be expanded in the series 
v x and —F(xD- Ñ FÙ sin T x, (8) 


n=1 


u(x, t) = p u, (t) sin 


n=1 
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where sin(nzx/L), n= 1, 2, 3, ... , are the eigenfunctions of X" + AX = 0, 
X(0) = 0, X(L) = 0 corresponding to the eigenvalues A, = a2 = n?7?/L?. The latter 
problem would have been obtained had separation of variables been applied to the 
associated homogeneous PDE in (7). In (8) observe that the assumed form for u(x, f) 
already satisfies the boundary conditions in (7). The basic idea here is to substitute 
the first series in (8) into the nonhomogeneous PDE in (7), collect terms, and equate 
the resulting series with the actual series expansion found for F(x, t). 
The next example illustrates this method. 


l EXAMPLE 2 Using Method 2 


ru . ðu 
Solve —= +d -—x)sint=—, Ocx«l, t>0 
Ox ðt 


u(0,t) =0, u(1, 0) ^0, t>0, 
u(x,0)=0, O<x< 1. 


SOLUTION With k = 1, L = 1, the eigenvalues and eigenfunctions of X" + AX = 0, 
X(0) = 0, X(1) = Oare found to be A, = a? = n?n? and sinnax,n = 1,2,3,....If we 
assume that 


oo 


u(x, t) = by u,(t) sin nax, (9) 


n=1 
then the formal partial derivatives of u are 


07u = . ðu s : 
su X u, (A(n? 7) sin nax and sat YMul(sinnmx. (10) 
x 


n=1 n=1 


Now the assumption that we can write F(x, f) = (1 — x) sin tas 
(1 — x)sint = SEO sin nTX 
n-l 


implies that 


2. ! 2 
F,(t) = | (1 — x)sintsin nzxdx = 2] (1 — x)sin nzx dx = ——sin t. 
1 Jo 0 ni 


' c2. . 
Hence, (1 — x)sint = x — sin f sin n x. (11) 
n-l 
Substituting the series in (10) and (11) into u; — uy, = (1 — x) sin f, we get 


oo 


E 2 sin t 
> Eo + rena in nTX = 5 
n-l 


n=1 n 


sin ATX. 


To determine u,,(t), we now equate the coefficients of sin nx on each side of the pre- 
ceding equality: 
2 sin t 


u(t) + nut) = i 
nT 


This last equation is a linear first-order ODE whose solution is 


j= 
un (t) nint + 1 


2 | n?m sin t — cost 
nT 


—n wt 
| + Cre ; 
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where C, denotes the arbitrary constant. Therefore the assumed form of u(x, t) in (9) 
can be written as the sum of two series: 


u(x, t) = 5 


n=1 AT 


2 | nm sint — cost |. = EC TR 
14 sinnax + X C,e™7" sinnax. (12) 
n'a + 1 


n=1 


Finally, we apply the initial condition u(x, 0) = 0 to (12). By rewriting the resulting 
expression as one series, 


< —2 
d E + 1) l 


n=1 


6. sin n X, 


we conclude from this identity that the total coefficient of sin n rx must be zero, so 


= 2 
^— nq(n^m + 1) 


Hence from (12) we see that a solution of the given problem is 


2 & msint-— cost 


2 ig 1 


u(x, t) = 
T n=] 


n(ntnt + 1) 


sinnax +— > I e""'sinnmx. M 
wT, RO wr. de 1) 


EXERCISES 12.6 


Answers to selected odd-numbered problems begin on page ANS-21. 


In Problems 1—12 use Method 1 of this section to solve the 
given boundary-value problem. 


In Problems 1 and 2 solve the heat equation ku,, = up 
0cx-«1,t- 0, subject to the given conditions. 


1. 


u(0, f) = 100,  u(l, f) = 100 
u(x, 0) = 0 


. u(0, t) = uo, ul, t) =0 


u(x, 0) = f(x) 


In Problems 3 and 4 solve the partial differential equation (1) 
subject to the given conditions. 


3. 


u(0, t) = uo, u(l, tf) = uo 


u(x, 0) = 0 
. u(0, t) = uo, ud, f) = ui 
u(x, 0) = f(x) 


. Solve the boundary-value problem 


ou 7 ðu 
ka tae Pres B>0, 0<x<1, t>0 
Ox ot 


u(0,t) =0, u(1,ġ=0, t>0 
u(x, 0) = fe), O<x<1. 


The partial differential equation is a form of the heat 
equation when heat is generated within a thin rod from 
radioactive decay of the material. 


6. Solve the boundary-value problem 


kz; — hu=—, O0cxc«m, t>0 
be t 


u(0,t) = 0, ula) =u, t0 
u(x,0)=0, O<x< T. 
The partial differential equation is a form of the heat 


equation when heat is lost by radiation from the lateral 
surface of a thin rod into a medium at temperature zero. 


. Find a steady-state solution w(x) of the boundary-value 


problem 


ou ðu 
k- — h(u — ug) — Ocxc«l, t0 
Ox" Ot 


u(0, £) =u, u(1,0) =0, t>0 
u(x, 0) = f@), 0<x<1. 


. Find a steady-state solution y (x) if the rod in Problem 7 


is semi-infinite extending in the positive x-direction, 
radiates from its lateral surface into a medium of 
temperature zero, and 


u(0, f) = Uo, limu(o t 20, t>0 


u(x,0) = f(x), x90. 


. When a vibrating string is subjected to an external 


vertical force that varies with the horizontal distance 
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from the left end, the wave equation takes on the form 


where A is a constant. Solve this partial differential 
equation subject to 


u(0,) —0, u(l, 0, t>0 


ðu 
u(x, 0) = 0, — =0, O<x<l. 
Ot 11-0 


10. A string initially at rest on the x-axis is secured on the 
x-axis at x = 0 and x = 1. If the string is allowed to fall 
under its own weight for t > 0, the displacement u(x, t) 
satisfies 

p = A 0<x<1, t0 
ax? ar’ à ^ 


where g is the acceleration of gravity. Solve for u(x, t). 


11. Find the steady-state temperature u(x,y) in the 
semi-infinite plate shown in Figure 12.6.1. Assume 
that the temperature is bounded as x — œ. [Hint: Try 
u(x, y) = v(x, y) + y (y)] 


u = up 


FIGURE 12.6.1 Plate in Problem 11 


12. The partial differential equation 
u Pu, 
dx? ay? ' 


where h > 0 is a constant, is known as Poisson's equa- 
tion and occurs in many problems involving electrical 
potential. Solve the equation subject to the conditions 


u(0) 2-0, u(my-71L y>O 
u(x,0) 2-0, O<x< T. 


In Problems 13-16 use Method 2 of this section to solve the 
given boundary-value problem. 


9u ðu 
EX — tre, 0<x<a, t>0 
Ox Ot 


u(0,t)=0, u(m,t ^0, t>0 
u(x,0)=0, O0O<x<7 


^u ðu 
t4 — xe = —, O<x<a7, t>0 
Ox ðt 
ðu ðu 
F =0, ¢+>0 
OX |x=0 OX |x=7 


15. 


ru 
ox? 
u(0,t) =0, u(1,t)) 0, t0 
u(x, 0) — x1—x, O<x<l 


ðu 
Z1 +x- xcost= z; O0Ocx-«l, t>0 


25 2 
16. — + costsinx = =, 0cx«m t>0 
Ox Ot 
u(0, t) =0, u(7,t)=0, t>0, 
ðu 
u(x, 0) = 0, — =0, O<x<T 
Ot |t=0 
Contributed Problem Ben Fitzpatrick, Ph.D 


17. 


Clarence Wallen Chair 

The Euler-Bernoulli k e m 
Beam Equation In this Loyola Marymount University 
problem we will analyze a 
model of a flexible beam that is being forced. A common 
experimental methodology in vibration analysis is the 
forcing of a structure at several different frequencies. The 
structure is mounted to a piston-style shaker, which forces 
the structure periodically. The input periodic forcing is 
typically computer-controlled. See Figure 12.6.2. 


Flexed beam 


FIGURE 12.6.2 Beam in Problem 17 flexing under 
forcing from centered shaker device 


The Euler-Bernoulli beam equation models the 
dynamics of this situation. 


Pu N o? (a) fü 
= f(x, t). 
p o? ox? ox? 


The ends are free, leading to “no moment/no shear 
force" boundary conditions: 
ou 


ax? 


gu 


x=0 8L h 


gu 
0, 


x-L ox? 


x=0 ox? 


The parameter definitions are as follows. The linear mass 
density (which is the volumetric mass density times the 
cross-sectional area) of the material of the beam is p. 
Young's modulus is E, and the moment of inertia is /. 
Each of these parameters is known for the beam of inter- 
est. The moment of inertia for a rectangular cross section 
is Z = wl?/12, where h is the thickness (measured in the 
direction of motion of the beam) and w is the width 
(measured in the direction orthogonal to motion). 


In undertaking this problems, there are several 
tasks whose solution will require computational assis- 
tance. A computer algebra system such as Mathematica 
or Maple will be very helpful. Here are your tasks: 


(a) Apply separation of variables to solve the homoge- 
neous equation 


Pu 9o ou 
p oh EI 3 = 0. 


at Ox? x? 


The solution, as discussed in the separation of 
variables sections for the heat and wave equations 


takes the form u(x,t) = Y u,(x, t), where 
n=1 
u,(x, t) = X,(x)T,(t). This task has several subtasks: 


(i) Find the general formula for the T(t) function. 
Your answer should be of the form 
T(t) = P cos(wt) + Q sin(wt) where P and Q 
are unknown constants and w depends on p, E, 
I, L, and the spatial frequencies you will get 
from the X(x) equation. 


(ii) Find the general formula for the X(x) function. 
Your answer should be of the form X(x) — 
AeP* + Be £* + C cos Bx + D sin Bx, where A, 
B, C, and D are unknown constants and f de- 
pends on p, E, I, L and the spatial frequencies. 


(iii) Use the boundary conditions to find four equa- 
tions that include the five unknowns of part (ii) 
(A, B, C, D, and f). Write these equations as a 
4 X 4 matrix (that depends on £) times the 
vector of coefficients A, B, C, and D. 


(iv) Since the right-hand side of your equation sys- 
tem is the zero vector, you have two possibili- 
ties: All the coefficients are zero, or the deter- 
minant of the matrix is zero. Plot the 
determinant as a function of B. Plot it carefully 
so that you can see the oscillations. Find the 
smallest ten numbers f that make the determi- 
nant equal to zero. 

(v) What constraints must hold for A, B, C, D? 
They are unknown parameters, but some rela- 
tionships must be established. 
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(vi) Use those values of B to determine the small- 
est five values of œw from part (i). 


(b) Plot the 10 mode shapes you found. 


(c) 


Use separation of variables to solve the forced 
equation, 


3u " 9? (m 2) font) 
= f(x, t). 
Po ax Ox? 


The forcing function is (approximately) f(x, t) = 
Fo sin(at)6(x — L/2), a periodic function that is 
concentrated at the beam’s midpoint. To use the sep- 
aration of variables approach, we need to expand 
the forcing function in terms of the X,,(x) functions. 
As described in the context of the wave equation on 
page 479 of the text and using the orthogonal func- 
tion expansion techniques of Section 11.1, the forc- 
ing function can be written as 


fa = 3 JO FŒ, DX, (0) dx 


X, (x). 
2 TEx) dx C9 


(d) The material parameters for the beam, a 6061-T6 


(e 


wa 


(f) 


aluminum beam with rectangular cross section, are 
as follows: 


L=1.22m, 
w = 0.019 m, 
h = 0.0033 m, 


E = 7.310 X 10? m = 73.10 GPa, 
p — 0.1693 kg/m. 


Using these material parameters, plot the solution as 
a function of space and time. 

Plot the acceleration from the model and the data 
(obtained from the website) and compare the results. 
Generate a more exact forcing function representa- 
tion based on the setup of the system and apply it to 
solve the forced differential equation. 


12.7) ORTHOGONAL SERIES EXPANSIONS 


REVIEW MATERIAL 


e The results in (7)-(11) of Section 11.1 form the backbone of the discussion that follows. 


A review that material is recommended. 


INTRODUCTION For certain types of boundary conditions the method of separation of variables 
and the superposition principle lead to an expansion of a function in a trigonometric series that is not 
a Fourier series. To solve the problems in this section, we shall utilize the concept of orthogonal 


series expansions or generalized Fourier series. 
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l EXAMPLE 1 Using Orthogonal Series Expansions 


The temperature in a rod of unit length in which there is heat transfer from its right 
boundary into a surrounding medium kept at a constant temperature zero is deter- 
mined from 


9? ð 
“LWE 0K<x<1, t>0 
Ox ot 
ðu 
u(0, t) = 0, = —hu(l, f, h>0, t>0 
x-l 


OX |x= 
u(x,0) —- 1, Ocxc«I. 


Solve for u(x, t). 


SOLUTION Proceeding as in Section 12.3 with u(x, f) = X(x)T(t) and using —A as the 
separation constant, we find the separated equations and boundary conditions to be, 
respectively, 


X" + AX-0 (1) 
T' + kAT=0 (2) 
X(0) = 0 and X'(1) = —AX(l). (3) 


Equation (1) and the homogeneous boundary conditions (3) make up a regular 
Sturm-Liouville problem: 


X"+ AX =0, X0)=0, X'(1) + hX(1) = 0. (4) 


By analyzing the usual three cases in which A is zero, negative, or positive, we find 
that only the last case will yield nontrivial solutions. Thus with A = a? > 0, a > 0, 
the general solution of the DE in (4) is 


X(x) = cı cos ax + csin ax. (5) 


The first boundary condition in (4) immediately gives cı = 0. Applying the second 
condition in (4) to X(x) = c» sin ax yields 


a 
acosa+hsina = 0 or anac (6) 


From the analysis in Example 2 of Section 11.4 we know that the last equation in 
(6) has an infinite number of roots. If the consecutive positive roots are denoted ay, 
n=1,2,3,..., then the eigenvalues of the problem are A, = o2, and the corre- 
sponding eigenfunctions are X(x) = c» sino x, n = 1, 2, 3, .... The solution of 
the first-order DE (2) is T(t) = c4e *^*!, so 


u, = XT = A,e **' sin a,x and u(x, t) = MA,e ** sin a, x. 
n-l 
Now at t = 0, u(x, 0) = 1,0 <x < 1, so 


1 = MA, sin a,x. (7) 

n-l 
The series in (7) is not a Fourier sine series; rather, it is an expansion of u(x, 0) = 1 
in terms of the orthogonal functions arising from the regular Sturm-Liouville prob- 
lem (4). It follows that the set of eigenfunctions {sin a,x}, n = 1, 2, 3, ... , where 
the a’s are defined by tana = —a/h, is orthogonal with respect to the weight 
function p(x) = 1 on the interval [0, 1]. By matching (7) with (7) of Section 11.1, it 


FIGURE 12.7.1 Twisted shaft 
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follows from (8) of that section, with f(x) = 1 and $,(x) = sin a,x, that the coeffi- 
cients A, are given by 


(I s 
o fisin aX dx 


(8) 


n 


LU e, 
f sin? a,x dx 


To evaluate the square norm of each of the eigenfunctions, we use a trigonometric 
identity: 


1 1f! 1 1 
Í sin? a,x dx = f (1 — cos 2ax)dx = 20 = sin 22] (9) 
0 2 0 2 205 
Using the double-angle formula sin 2o; = 2 sin a, cos œ, and the first equation in 
(6) in the form a, cos a, = —sin o, we simplify (9) to 


1 
1 
i sin?a, x dx = AL + cos? a,). 


1 1 
= —(1 —- cos o). 
0 an 


! 1 
Also li sin a, x dx = —— cos a,x 
0 Qn 


Consequently, (8) becomes 


_ 2h(1 — cos a) 
a,(h + cos?a,) 


n 


Finally, a solution of the boundary-value problem is 


oc 


u(x, t) = 2h», 


n-l a, (h ap cos? Qn) 


] = eS. 


—ka?t 


sin @,,X. a 


l EXAMPLE 2 Using Orthogonal Series Expansions 


The twist angle 0 (x, t) of a torsionally vibrating shaft of unit length is determined from 


90 29098 
a? t Ocx-«l, t0 
Ox ort 
00 
0000) = 0, — =0, t>0 
OX |x=1 
00 
00,0 =x, — =0, 0<x<l1l. 
Ot li-0 


See Figure 12.7.1. The boundary condition at x — 1 is called a free-end condition. 
Solve for 0(x, t). 


SOLUTION Proceeding as in Section 12.4 with 0(x, f) = X(x)T(t) and using —A 
once again as the separation constant, the separated equations and boundary condi- 
tions are 


X"+AX=0 (10) 
T" + @aT=0 (11) 
X(0 20 and  X'(1-0. (12) 


A regular Sturm-Liouville problem in this case consists of equation (10) and the ho- 
mogeneous boundary conditions in (12): 


X"+ AX =0, X(0)=0, X'(1)-O. (13) 
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FIGURE 12.7.2 Surface is the graph of 
a partial sum of (17) with a = 1 


As in Example 1, (13) possesses nontrivial solutions only for A = a? > 0, a > 0. 
The boundary conditions X(0) = 0 and X’(1) = 0 applied to the general solution 


X(x) = cı cos ax + csin ax (14) 


give, in turn, c, = O0 and c» cos œ = 0. Since the cosine function is zero at 
odd multiples of 7/2, œ = (2n — 1)m /2, and the eigenvalues of (13) are 
A, = oa? = (2n — D)?m?/4,n = 1,2, 3,.... The solution of the second-order 
DE (11) is T(t) = c3 cos aat + c4 sin aot. The initial condition T'(0) = 0 gives 
C4 = 0, so 


27n = 1l _ {2n= 1 
0, = XT = A,cosa 2 Tí sin 2 TX. 


To satisfy the remaining initial condition, we form 


x 2n— 1 . [2n=1 
A(x, f) = A, cos a mt sin! —>— Jm. (15) 
n-l 
When t = 0, we must have, for 0 < x < 1, 
ee .[2n—-1 
0(x, 0) =x = SA, sin 4 Jm (16) 
n-l 


2n — 1 
As in Example 1 the set of eigenfunctions {sin( = Ja}. n= l, 2, 3,..., 


is orthogonal with respect to the weight function p(x) = 1 on the interval [0, 1]. 
Although the series in (16) looks like a Fourier sine series, it is not, because the 
argument of the sine function is not an integer multiple of mx/L (here L = 1). The 
series again is an orthogonal series expansion or generalized Fourier series. Hence 
from (8) of Section 11.1 the coefficients in (16) are 


1 | (2n—1 
x sin TXdx 
0 2 
A, i ; 
z3 2n— 1l 
sin TXdX 
0 2 


Carrying out the two integrations, we arrive at 


B 8(-1)"*! 
"(Qn - 1p 7 
The twist angle is then 
8 py 2 1 Zn = 1 
6(x, ) = Ex ) sea "s )resin( É S (17 m 
n=1 4 — 


We can use a CAS to plot 0 (x, t) defined in (17) either as a three-dimensional 
surface or as two-dimensional curves by holding one of the variables constant. In 
Figure 12.7.2 we have plotted the surface defined by 0 (x, t) over the rectangular 
region 0x x 1, 0=r= 10. The cross sections of this surface are interesting. 
In Figure 12.7.3 we have plotted 0 as a function of time t on the interval [0, 10] using 
four specified values of x and a partial sum of (17) (with a — 1). As can be seen in 
the four parts of Figure 12.7.3, the twist angle of each cross section of the rod 
oscillates back and forth (positive and negative values of 0) as time f increases. 
Figure 12.7.3(d) portrays what we would intuitively expect in the absence of any 
damping, the end of the rod x — 1 is displaced initially 1 radian (0(1, 0) — 1); when 
in motion, this end oscillates indefinitely between its maximum displacement of 
1 radian and minimum displacement of — 1 radian. The graphs in Figure 12.7.3(a)-(c) 
show what appears to be a “pausing” behavior of 0 at its maximum (minimum) 
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displacement of each of the specified cross sections before changing direction and 
heading toward its minimum (maximum). This behavior diminishes as x — 1. 


6(0.2, r) 6(0.5, t) 
" d (C 


T T T T >) 


lr lr 


(c) x08 (d) x= 


FIGURE 12.7.3 Angular displacements 6 as a function of time at various cross sections 
of the rod 


EX E RC | S E S 1 2 . 7 Answers to selected odd-numbered problems begin on page ANS-21. 


1. In Example 1 find the temperature u(x, t) when the left 5. Find the temperature u(x, f) in a rod of length L if the ini- 
end of the rod is insulated. tial temperature is f(x) throughout and if the end x = 0 is 

5 Solve the boundacy-vatoe problem kept at temperature zero and the end x = L is insulated. 
Zu ðu 6. Solve the boundary-value problem 


0<x<1, t>0 


2 $ 9? 9? 
Ox ot e = O<—x <1; t>0 
Ju Ox ðt 
u(0, t) = 0, e = —h(u(1,t) - ug, h»0, t>0 ðu 
OX |x=1 u(0,t) =0, E— = Fə t>0 
OX |x=L 
u(x,0) — f(x), O<x< 1. 
u 
3. Find the steady-state temperature for a rectangular plate u(x, 0) — 0, prm -0 O<x<L. 


for which the boundary conditions are . "e . 
The solution u(x, f) represents the longitudinal displace- 
ment of a vibrating elastic bar that is anchored at its left 

TM = hag ys b end and is subjected to a constant force of magnitude Fy 

at its right end. See Figure 12.4.4 in Exercises 12.4. E is 

a constant called the modulus of elasticity. 


ðu 
u(0,y)=0, — 
Ox 


u(x,0) = 0, u,b) f(x) O<x<a. 


4. Solve the boundary-value problem 7. Solve the boundary-value problem 
u Pu u u 
—+— = 0, 0<y<1l, x>0 aeea Us 0 x«l. OX yl 
dx? dy “ Ox. ay 
u(0,y) = uo limu, y) =0, O<y<1 au =0, u(l,y) =u, 0<y<l 
ds OX Ix-0 i 
ou ðu ðu 
: =, = —hu(x, 1) h20, x> 0. u(x,0)=0, —| =0, 0<x<1. 
dy ly=0 Oy ly=1 Oy ly=1 
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8. The initial temperature in a rod of unit length is f(x) 
throughout. There is heat transfer from both ends, x = 0 
and x = 1, into a surrounding medium kept at a constant 
temperature zero. Show that 


T 
u(x, t) = X, A,e **'(a, cosa,x + hsina,x), 


n=1 


where 
2 1 
A, = @ F 2h E hA o faa, cos a,x + h sin œx) dx. 
The eigenvalues are A, = az,n = 1,2,3,..., where 


the a, are the consecutive positive roots of 
tan a = 2ah/(a* — h?). 


9. Use Method 2 of Section 12.6 to solve the boundary- 
value problem 


-a _ OU 
k— tie t=, 0<x<1l, t>0 
Ox Ot 


ð 
u(0, t) = 0, = —u(Llft, t>0 
OX |x=1 


u(x,0)=0, O<x< 1. 


Computer Lab Assignments 


10. A vibrating cantilever beam is embedded at its left end 
(x = 0) and free at its right end (x = 1). See Figure 12.7.4. 
The transverse displacement u(x, f) of the beam is 


determined from the boundary-value problem 


9^u u 

—+— =0, 0<x<i1, t>0 

ðxt ar? 
ðu 

u(0, f) = 0, =0, t»0 
Ox |x=0 

ou ou 

J = 0, = =0, t>0 

Óx* |x=1 Ox? |x=1 
ðu 

u(x, 0) = f(x), | = g(x) O<x<l. 
Ot |i-0 


Use a CAS to find approximations to the first two positive 
eigenvalues of the problem. [Hint: See Problems 11 and 
12 in Exercises 12.4.] 


FIGURE 12.7.4 Vibrating cantilever beam in Problem 10 


11. (a) Find an equation that defines the eigenvalues when 
the ends of the beam in Problem 10 are embedded 
atx = Oandx = 1. 


(b) Use a CAS to find approximations to the first two 
positive eigenvalues. 


12.8; HIGHER-DIMENSIONAL PROBLEMS 


REVIEW MATERIAL 
e Sections 12.3 and 12.4 


equations. 


INTRODUCTION Up to now we have solved boundary-value problems involving the one- 
dimensional heat and wave equations. In this section we show how to extend the method of separa- 
tion of variables to problems involving the two-dimensional versions of these partial differential 


HEAT AND WAVE EQUATIONS IN TWO DIMENSIONS Suppose the 
rectangular region in Figure 12.8.1(a) is a thin plate in which the temperature u is 
a function of time t and position (x, y). Then, under suitable conditions, u(x, y, t) can 
be shown to satisfy the two-dimensional heat equation 


9? o? ð 
(s + ay == (1) 
Ox oy” ot 


On the other hand, suppose Figure 12.8.1(b) represents a rectangular frame over 
which a thin flexible membrane has been stretched (a rectangular drum). If the 
membrane is set in motion, then its displacement u, measured from the xy-plane 


(b) 


FIGURE 12.8.1 (a) Rectangular plate 


and (b) rectangular membrane 
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(transverse vibrations), is also a function of t and position (x, y). When the vibrations 
are small, free, and undamped, u(x, y, t) satisfies the two-dimensional wave 


equation 
,(9u , 9u u 
a poem (2) 
Ox” day" or 


To separate variables in (1) and (2), we assume a product solution of the form 
u(x, y, t) = XY (y) T(t). We note that 
ou » ou " ðu ; 
= X"YT, L5 = XY'T, and — = XYT'. 
Ox dy ot 


2 


As we see next, with appropriate boundary conditions, boundary-value problems 
involving (1) and (2) lead to the concept of Fourier series in two variables. 


l EXAMPLE 1 Temperatures in a Plate 


Find the temperature u(x, y, t) in the plate shown in Figure 12.8.1(a) if the initial 
temperature is f(x, y) throughout and if the boundaries are held at temperature zero 
for time t > 0. 


SOLUTION We must solve 


u u ðu 
k + =o O<x<b, O<y<c t0 


subject to u(0,y,2) =0, ulby,) =0, O<y<c, t>0 
u(x,0,2 = 0, u(xc,t =0, 0O<x<b, t>0 
u(x, y,0)=fy), O<x<b, O<y<e. 


Substituting u(x, y, f) = X(x)YCy)T(t), we get 
k(X"YT + XY"T) = XYT' or — = -— + —. (3) 


Since the left-hand side of the last equation in (3) depends only on x and the right 
side depends only on y and t, we must have both sides equal to a constant — À: 


x" y" T' 
= + =—À 
X Y kT 
and so X"+ àX=0 (4) 
er +À (5) 
Y kT Í 


By the same reasoning, if we introduce another separation constant — u in (5), then 


E d a +X 
ees an — = — 
y kT E 
yield Y" + pY =0 and T' +k(A + p)T = 0. (6) 


Now the homogeneous boundary conditions 
u(0, y, t) = 0, vam ee X(b) =0 
imply that 
u(x, 0,00 = 0, u(x, ct = 0 Y(O)=0, Y(c) = 0. 
Thus we have two Sturm-Liouville problems: 
X"+2rAX =0, X(0)=0, X(b)=0 (7) 
and Yy" + uY =0, YO)=0, Y(c) =0. (8) 
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The usual consideration of cases (A = 0, A = a? > 0, A = —o? <0, u = 0, and 
so on) leads to two independent sets of eigenvalues, 
22 272 
m^ n^T 
Am a b2 and Un m c? ad 


The corresponding eigenfunctions are 


. MT NT 
X(x) = csin b x m=1,2,3..., and Y(y = c,sin— y, n=1,2,3,.... (9) 
c 


After we substitute the known values of A, and u, in the first-order DE in (6), its 
general solution is found to be T(t) = c; e% "mD + amol, A product solution of 
the two-dimensional heat equation that satisfies the four homogeneous boundary 
conditions is then 


z 2 24, MT . NT 
U mn (X, y, t) = Apne lanl?) t (nalcy ]t sin : x sin 7 y, 


where Amn is an arbitrary constant. Because we have two sets of eigenvalues, we are 
prompted to try the superposition principle in the form of a double sum 


[^] oc 


2 2 . MT 2 egy 
u(x, y, t) = > S A, íE leon) tanio h sin 3 sin — y. (10) 
c 


m=ln=1 
At t = 0 we must have 


u(x, y, 0 = fü, y) = X X An sin ox sin A ui 


m=1n=1 C 


(41) 


We can find the coefficients Amn by multiplying the double sum (11) by the product 
sin(mar x / b) sin(nzry/c) and integrating over the rectangle defined by the inequali- 
ties 0 Sx S b, 0 5 y Sc. It follows that 


4 eee 
Ann = — f Í f(x, y) sin — x sin — y dxdy. (12) 
bc Jo Jo b c 
Thus the solution of the BVP consists of (10) with the Amn defined in (12). mH 


The series (11) with coefficients (12) is called a sine series in two vari- 
ables or a double sine series. We summarize next the cosine series in two 
variables. 

The double cosine series of a function f(x, y) defined over a rectangular region 
defined by 0 =x x b, 0 S y x cis given by 

f(x,y) = Ago + 3 Ano cos a T b cos = 
m=1 n=1 


oo oo 
ma nT 
+ Y b cos > cos PT. 


m-ln-l 


1 c[b 
where Ago = if f(x, y) dx dy 
0 


0 


2 c[b mT 
Ani =F f(x, y) cos — x dx dy 
bcjJoJo — ' b 


2 [*[^ NT 
Ag = fx, y) cos — y dx dy 
bc 0 Jo [64 


4 c[b 
Amn = if [ro y) cos MM g cos M dx dy. 
beJoJo ` b C 


For a problem leading to a double-cosine series see Problem 2 in Exercises 12.8. 
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EX E RC l S E S 1 2 : 8 Answers to selected odd-numbered problems begin on page ANS-22. 


In Problems 1 and 2 solve the heat equation (1) subject to the 
given conditions. 


1. u(0, y,t) * 0, um, y, t) = 0 
u(x, 0,1 =0, u(x, 7, t) =0 
u(x, y, 0) = uo 

2. u =Ü ðu ES 
OX |x=0 OX |x=1 
aul Lg | o 
Oy ly=0 Oy ly=1 
u(x, y, 0) = xy 


In Problems 3 and 4 solve the wave equation (2) subject to 
the given conditions. 


3. u(0, y, = 0, uz, y, t) = 0 
u(x, 0,0 =0, u(x, m, =0 
u(x, y, 0) = xy (x ~ T)(y ~~ T) 
ðu _ 
at t=0 7 

4. u(0, y,t) 20, ub, y, 1) =0 
u(x, 0,t) =0, u(x,c,t) =0 
u(x, y, 0) = f(x, y) 
ðu B 
at T m glx, y) 


The steady-state temperature u(x, y, z) in the rectangular par- 
allelepiped shown in Figure 12.8.2 satisfies Laplace’s equa- 
tion in three dimensions: 


~+ 45" =9, (13) 


FIGURE 12.8.2 Rectangular parallelepiped in 
Problems 5 and 6 


5. Solve Laplace’s equation (13) if the top (z = c) of 
the parallelepiped is kept at temperature f(x, y) and the 
remaining sides are kept at temperature zero. 


6. Solve Laplace's equation (13) if the bottom (z — 0) of 
the parallelepiped is kept at temperature f(x, y) and the 
remaining sides are kept at temperature zero. 
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Answers to selected odd-numbered problems begin on page ANS-22. 


1. Use separation of variables to find product solutions of 
ru 


=u 
Ox dy 


2. Use separation of variables to find product solutions of 


+ 
ox ay? ax dy 


Is it possible to choose a separation constant so that both 
X and Y are oscillatory functions? 


3. Find a steady-state solution W (x) of the boundary-value 


problem 
udu 
Eoo E 0O< xm t0, 
Ox ðt 
ðu 
u(0, t) = Uo, = ur, D T Uy, t> 0 
OX |x=r 


u(x,0 =0, O<x< T. 


4. Give a physical interpretation for the boundary condi- 
tions in Problem 3. 


5. Att = Oastring of unit length is stretched on the positive 
x-axis. The ends of the string x = O and x = 1 are secured 
on the x-axis for t > 0. Find the displacement u(x, t) if the 
initial velocity g(x) is as given in Figure 12.R.1. 


g(x) 
h i i 
I— Tx 
1 1 3 i 
4 2 4 
FIGURE 12.R.1 Initial velocity g(x) in Problem 5 


6. The partial differential equation 


2 42 
ðu , 9u 


ae ^ e 
is a form of the wave equation when an external vertical 
force proportional to the square of the horizontal distance 
from the left end is applied to the string. The string is se- 
cured at x — 0 one unit above the x-axis and on the x-axis 
at x = | for t > 0. Find the displacement u(x, t) if the 
string starts from rest from the initial displacement f(x). 
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7. Find the steady-state temperature u(x, y) in the square 
plate shown in Figure 12.R.2. 


MY 


FIGURE 12.R.2 Square plate in Problem 7 


8. Find the steady-state temperature u(x, y) in the semi- 
infinite plate shown in Figure 12.R.3. 


Insulated 


A X 


Insulated 


FIGURE 12.R.3 Semi-infinite plate in Problem 8 


9. Solve Problem 8 if the boundaries y = 0 and y = 7 are 
held at temperature zero for all time. 


10. Find the temperature u(x, f) in the infinite plate of width 
2L shown in Figure 12.R.4 if the initial temperature is uo 
throughout. [Hint: u(x, 0) = ug, —L < x < Lis an even 
function of x.] 


ya 


FIGURE 12.R.4 Infinite plate in Problem 10 
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11. Solve the boundary-value problem 
Pu _ au 
ox? ať 
u(0O,t) 20, ulm, ^0, t>0 


0<x<7, t>0 


u(x, 0) = sinx, O<x< T. 


12. Solve the boundary-value problem 


gu 


. ðu 
por BHbX =, 
ot 


3x O0Ocx«m t>0 
x 


u(0, t£) = 400, u(r, t) = 200, t0 


u(x, 0) = 400 + sinx, O<x< 7. 


13. Find a formal series solution of the problem 


0O<x<a, t>0 
u(0,t) = 0, u(7,0) =0, t>0 


ðu 
— =0, O<x< T. 
Ot |r=0 


14. The concentration c(x, f) of a substance that both 
diffuses in a medium and is convected by the cur- 


rents in the medium satisfies the partial differential 
equation 


k and h constants. 


Solve the PDE subject to 


c0,t1)=0, c(l, 20, t>0 


c(x,0 = c& O<x< 1, 


where c, is a constant. 


BOUNDARY-VALUE PROBLEMS IN 


OTHER COORDINATE SYSTEMS 


13.1 Polar Coordinates 

13.2 Polar and Cylindrical Coordinates 
13.3 Spherical Coordinates 

CHAPTER 13 IN REVIEW 


All the boundary-value problems that we have considered up to this point were 
expressed only in terms of a rectangular coordinate system. But if we wished to 
find, say, temperatures in a circular plate, in a circular cylinder, or in a sphere, 
we would naturally try to describe the problem in terms of polar coordinates, 
cylindrical coordinates, or spherical coordinates, respectively. In this chapter we 
shall see that by trying to solve BVPs in these latter three coordinate systems by 
the method of separation of variables, the theory of Fourier-Bessel series and 


Fourier-Legendre series is put to practical use. 
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13.1 


POLAR COORDINATES 


FIGURE 13.1.1 Polar coordinates 


of a point (x, y) are (r, 0) 


u - f) 


FIGURE 13.1.2 Dirichlet problem 


for a circle 


AY 


REVIEW MATERIAL 
e Cauchy-Euler DEs in Section 4.7 
* Review of DEs in Section 11.4 (page 416) 


INTRODUCTION Because only steady-state temperature problems in polar coordinates are 
considered in this section, the first thing we must do is convert the familiar Laplace's equation in 
rectangular coordinates to polar coordinates. 


LAPLACIAN IN POLAR COORDINATES The relationships between polar 
coordinates in the plane and rectangular coordinates are given by 

x =rcos 0, y= rsin 0, and r=r vy, tan 0 = 2 

X 

See Figure 13.1.1. The first pair of equations transforms polar coordinates (r, 0) into 
rectangular coordinates (x, y); the second pair of equations enables us to transform 
rectangular coordinates into polar coordinates. These equations also make it possi- 
ble to convert the two-dimensional Laplacian V?u = 0?u/0x? + 0?u/8y? into polar 
coordinates. You are encouraged to work through the details of the Chain Rule and 
show that 


ðu ouor | Ou 00 ðu sin ðu 
— = = cos 0- 
ox orox d00x or r 00 
ðu ouor | 0u 00 . ðu cos Adu 
— = = sin 0 
dy  OrOy  000y or r 00 
8u 9u  2sin0cos0 u sin0 9?u | sin’? du | 2sin 0cos 0 ðu 
= = cos’ 0 ————— dl an e a, D 
Ox or r ðrðð r^ 90 r or r 00 
ou TN d , 2sin 0cos 0 ou cos?0 ðu . cos*0 du  2sin 0 cos 00u 
5 = sin 8 —5 4 a > 5 + 7 . (2) 
oy or r or 00 r^ 90 ror r 00 


Adding (1) and (2) and simplifying yields the Laplacian of u in polar coordinates 
1 u 
r? 907 


8u _ lou 


Ər? rar 


Vu = 


In this section we focus only on boundary-value problems involving Laplace’s 
equation V?u = 0 in polar coordinates: 
18u — 
r? 30? 


ðu 1ðu 


ðr? r or 


0. (3) 


Our first example is a Dirichlet problem for a circular disk. We wish to 
solve Laplace’s equation (3) for the steady-state temperature u(r, 0) in a 
circular disk or plate of radius c when the temperature on the circumference is 
u(c, 0) = f(0), 0 < 0 < 2r. See Figure 13.1.2. It is assumed that the two faces of 
the plate are insulated. This seemingly simple problem is unlike any we encountered 
in the previous chapter. 


l EXAMPLE 1 Steady Temperatures in a Circular Plate 


Solve Laplace's equation (3) subject to u(c, 0) = f(0), 0 < 0 < 27. 
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SOLUTION Before attempting separation of variables, we note that the single 
boundary condition is nonhomogeneous. In other words, there are no explicit condi- 
tions in the statement of the problem that enable us to determine either the coeffi- 
cients in the solutions of the separated ODEs or the required eigenvalues. However, 
there are some implicit conditions. 

First, our physical intuition leads us to expect that the temperature u(r, 0) should 
be continuous and therefore bounded inside the circle r = c. In addition, the temper- 
ature u(r, 0) should be single-valued; this means that the value of u should be the 
same at a specified point in the circle regardless of the polar description of that point. 
Because (r, 0 + 27) is an equivalent description of the point (r, 0), we must have 
u(r, 0) = u(r, 0 + 277). That is, u(r, 0) must be periodic in 0 with period 27. If we 
seek a product solution u = R(r)0(0), then G(0) needs to be 27-periodic. 

With all this in mind we choose to write the separation constant in the separation 
of variables as A: 


PR" +7rR'  Q"-— " 
R 
The separated equations are then 
YR" + rR’ - AR=0 (4) 
Q" + A0 = 0. (5) 
We are seeking a solution of the problem 
©" +0 = 0, OM = O16 + 27). (6) 


Although (6) is not a regular Sturm-Liouville problem, nonetheless the problem 
generates eigenvalues and eigenfunctions. The latter form an orthogonal set on the 
interval [0, 27]. 

Of the three possible general solutions of (5), 


6(0) = c, + c0, A=0 (7) 
0(6) = c, cosh a0 + c, sinh a0, A=-a’?<0 (8) 
G(0) = cı cos a0 + csin að, A=a’?>0 (9) 


we can dismiss (8) as inherently nonperiodic unless cy = c2 = 0. Similarly, solution 
(7) is nonperiodic unless we define c? — 0. The remaining constant solution 
O(0) = ci, c1 # 0, can be assigned any period, and so A = 0 is an eigenvalue. Finally, 
solution (9) will be 2zr-periodic if we take œ — n, where n = 1, 2,... . The 
eigenvalues of (6) are then Ag = 0 and A, = n’,n=1,2,....Ifwe correspond A, = 0 
with n = 0, the eigenfunctions of (6) are 


O(A =c,, n=O, and 6(8) = c,cosn@ + csin nb, n=1,2,.... 
When A, = n?,n = 0, 1, 2,..., the solutions of the Cauchy-Euler DE (4) are 
R(r) = c4 + c4ln r, n — 0, (10) 
R(r) = ear" + car", n=1,2,.... (11) 


Now observe in (11) that r~-” = 1/r". In either of the solutions (10) or (11) we must 
define c4 = 0 to guarantee that the solution u is bounded at the center of the plate 
(which is r = 0). Thus product solutions u, = R(r)@(6) for Laplace's equation in 
polar coordinates are 


Uy = Ap, n= 0, and u, = r'(A, cosné+ B,sinn0), n=1,2,..., 


“For example, note that cos n(0 + 27) = cos(n0 + 2n7) = cos n0. 
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FIGURE 13.1.3 Semicircular plate 


in Example 2 
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where we have replaced cac; by Ao for n = 0 and by A, for n = 1, 2,...; the 
combination c3c2 has been replaced by B,. The superposition principle then gives 


u(r, 0) = Ay + M r(A, cos n0 + B, sin n6). (12) 
n-l 
By applying the boundary condition at r — c to (12), we recognize 
f(0) = Ay + Mc" (A, cos n0 + B, sin n0) 
n-l 


as an expansion of f in a full Fourier series. Consequently, we can make the 
identifications 


do 
Ap = 7 c"A, = ap and cB, = b,- 
; 1 2m 
That is, Ap = Ai f(0) dé (13) 
2T 0 
1 27 
A, =— | f(0) cos n6 d6 (14) 
CUT Jo 
1 2m 
B,-— f f(0) sin n0 dé. (15) 
Cat JO 


The solution of the problem consists of the series given in (12), where the coefficients 
Ao, An, and B, are defined in (13), (14), and (15). [| 


Observe in Example 1 that corresponding to each positive eigenvalue 
An 7 n?,n = 1,2,...,there are two different eigenfunctions — namely, cos n0 and 
sin n0. In this situation the eigenvalues are sometimes called double eigenvalues. 


| EXAMPLE 2 Steady Temperatures in a Semicircular Plate 


Find the steady-state temperature u(r, 0) in the semicircular plate shown in Figure 13.1.3. 


SOLUTION The boundary-value problem is 


ru l Lõu | 19w o 
aP rar rog C 


0<@0<7, O<r<e 


u(c,0) =u, O<O0< T, 
u(r,0) =0, ur, m) =0, O<r<e. 


Defining u = R(r)@(@) and separating variables gives 


rR" + rR' BEER Oo à 
R 
and PR" + rR’ — AR=0 (16) 
@” - 48 =0. (17) 


The homogeneous conditions stipulated at the boundaries 0 = 0 and 0 = 7 translate 
into (0) = 0 and O(z) = 0. These conditions together with equation (17) consti- 
tute a regular Sturm-Liouville problem: 


0" 40-0, O(0) =0, Or) = 0. (18) 
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This familiar problem“ possesses eigenvalues A, — n? and eigenfunctions 
O(0) = c sin n0, n = 1, 2, . . . . Also, by replacing A by n?, the solution of (16) is 
R(r) = car" + car". The reasoning that was used in Example 1, namely, that we 
expect a solution u of the problem to be bounded at r = 0, prompts us to define 
c4 = 0. Therefore u, = R(r)8(0) = A,r” sin n6, and 


u(r, 0) = > A,r” sin n6. 


n=l 


The remaining boundary condition at r = c gives the sine series 


Consequently, 


and so 


oo 
ug = 5 A,c" sin n6. 


n=l 


2 T 
Ae -i| ug sin n0 dO, 
T JO 


_ 2p = =" 


n 


A 


n 


TC n 


Hence the solution of the problem is given by 


2 oo 1 idi —1 n n 
u(r, 0) = = a (2) sin n6. = 


n=1 n 


"The problem in (18) is Example 2 of Section 5.2 with L = zr. 


| 


| EXERCISES 13.1 


Answers to selected odd-numbered problems begin on page ANS-22. 


In Problems 1—4 find the steady-state temperature u(r, 0) in 
a circular plate of radius r — 1 if the temperature on the cir- 
cumference is as given. 


1. 


2. 


Uo, 0<60<7 
1,0) = 
uek 0) n T «0-2 
0, 0<@< 
a= i 
T—0, m«0-x«2q 
. «(1,0 = 270-6, 0«0«2n 


. ul, 0)=0, 062r 


. Solve the exterior Dirichlet problem for a circular disk 


of radius c if u(c, 0) — f(0), 0 « 0 € 27. In other 
words, find the steady-state temperature u(r, 0) in a 
plate that coincides with the entire xy-plane in which a 
circular hole of radius c has been cut out around the 
origin and the temperature on the circumference of 
the hole is f(0). [Hint: Assume that the temperature is 
bounded as r — ~.] 


. Find the steady-state temperature in the quarter-circular 


plate shown in Figure 13.1.4. 


u = f(8) 


FIGURE 13.1.4  Quarter-circular plate in Problem 6 


7. If the boundaries 0 = 0 and 0 = 7/2 in Figure 13.1.4 


are insulated, we then have, respectively, 


ðu 
00 


0— 7/2 


-0 ðu 
0-0 , 00 


Find the steady-state temperature if 


1, 0« 0« m/4 


nens k 1/4 < 0 < 7/2. 
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8. 


10. 


11. 


12. 
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Find the steady-state temperature in the infinite wedge- 
shaped plate shown in Figure 13.1.5. [Hint: Assume that 
the temperature is bounded as r — 0 and as r > ~.] 


— 
= 


u=0 


FIGURE 13.1.5 Wedge-shaped plate in Problem 8 


. Find the steady-state temperature u(r, 0) in the circu- 


lar ring shown in Figure 13.1.6. [Hint: Proceed as in 
Example 1.] 


FIGURE 13.1.6  Ring-shaped plate in Problem 9 


If the boundary conditions for the circular ring in 
Figure 13.1.6 are u(a, 0) = uo, u(b,0) = uj, 0 < 0 < 27, 
uo and u; constants, show that the steady-state tempera- 
ture is given by 


ug In(r/b) — ujln(r/a) 
In(a/b) 
[Hint: Try a solution of the form u(r, 0) = v(r, 0) + v(r).] 


u(r, 0) — 


Find the steady-state temperature u(r, 0) in a semicircular 
ring if 
u(a, 0) = O(m — 0), 
u(r, 0) — 0, 


u(b, 0) —0, O«c0«m 
u(r, 7) ^0, a<r<b. 


Find the steady-state temperature u(r, 0) in a semicircu- 
lar plate of radius r — 1 if 


u(1, 0) = ug, 
u(r, 0) — 0, 


00 
u(r, T) =U, O<r<l, 


uo a constant. 


13. 


14. 


Find the steady-state temperature u(r, 0) in a semicircu- 
lar plate of radius r — 2 if 


uy, 00-2 


uo n m/2« 8 « m, 


uo a constant, and the edges 0 = 0 and 0 = m are 
insulated. 


The plate in the first quadrant shown in Figure 13.1.7 is 
one-eighth of the circular ring in Figure 13.1.6. Find the 
steady-state temperature u(r, 0). 


«Y 


a 1 b 
u=0 


FIGURE 13.1.7 Plate in Problem 14 


Discussion Problems 


15. 


16. 


Consider the circular ring in Figure 13.1.6. Discuss how 
the steady-state temperature u(r, 0) can be found when the 
boundary conditions are u(a, 0) = f(0), u(b, 0) = (0), 
0x0 x 2m. 


Carry out your ideas from Problem 15 to find the 
steady-state temperature u(r, 0) in the circular ring shown 
in Figure 13.1.6 when the boundary conditions are 
u(s, 0) = 100(1 + 0.5 cos 0), u(1, 0) = 200, 0 = 0 E 27. 


Computer Lab Assignments 


17. 


(a) Find the series solution for u(r, 0) in Example 1 
when 


100, 0«0c«7 


«d, 8) = n T7 « 0 «2m. 


(b) Use a CAS or a graphing utility to plot the partial 
sum Ss(r, 0) consisting of the first five nonzero 
terms of the solution in part (a) for r = 0.9, 
r — 0.7, r = 0.5, r = 0.3, andr = 0.1. Superimpose 
the graphs on the same coordinate axes. 


(c) Approximate the temperatures u(0.9, 1.3), u(0.7, 2), 
u(0.5, 3.5), u(0.3, 4), u(0.1, 5.5). Then approximate 
u(0.9, 2ar — 1.3), u(0.7, 277 — 2), u(0.5, 2m — 3.5), 
u(0.3, 277 — 4), (0.1, 277 — 5.5). 

(d) What is the temperature at the center of the circular 
plate? Why is it appropriate to call this value the 
average temperature in the plate? [Hint: Look at the 
graphs in part (b) and look at the numbers in part (c).] 
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13.2 


POLAR AND CYLINDRICAL COORDINATES 


REVIEW MATERIAL 
e Parametric Bessel differential equation in Section 6.3 


e Forms of Fourier-Bessel series in Definition 11.5.1 


INTRODUCTION In this section we are going to consider boundary-value problems involving 
forms of the heat and wave equation in polar coordinates and a form of Laplace's equation in cylin- 
drical coordinates. There is a commonality throughout the examples and exercises: Each boundary- 
value problem in this section possesses radial symmetry. 


RADIAL SYMMETRY The two-dimensional heat and wave equations 


ru ou ðu [Ou ðu Pu 
k P F gu and a 5 =F 5] — 2 
Ox oy ot Ox” Oy” ðt 


expressed in polar coordinates are, in turn, 
(= lou 1 =) ðu 

= + = 
ðr? rər r0? ðt 


(1) 


d e 1 ðu 1 ze) S ou 


or? ror rag ot? 


where u = u(r, 0, t). To solve a boundary-value problem involving either of these 
equations by separation of variables, we must define u = R(r)O(0)T(t). As in Section 
12.8, this assumption leads to multiple infinite series. See Problem 14 in Exercises 
13.2. In the discussion that follows we shall consider the simpler, but still important, 
problems that possess radial symmetry — that is, problems in which the unknown 
function u is independent of the angular coordinate 0. In this case the heat and wave 
equations in (1) take, respectively, the forms 


ou 1 ðu ðu ru 1 ðu ou 
( NS = and « ze = (2) 
are ror ot or Por ot 


where u = u(r, t). Vibrations described by the second equation in (2) are said to be 
radial vibrations. 

The first example deals with the free undamped radial vibrations of a thin circular 
membrane. We assume that the displacements are small and that the motion is such that 
each point on the membrane moves in a direction perpendicular to the xy-plane (trans- 
verse vibrations) — that is, the u-axis is perpendicular to the xy-plane. A physical model 
to keep in mind while working through this example is a vibrating drumhead. 


[ EXAMPLE 1 Radial Vibrations of a Circular Membrane 


u u=fir) att =0 Find the displacement u(r, t) of a circular membrane of radius c clamped along its 
circumference if its initial displacement is f(r) and its initial velocity is g(r). See 
Figure 13.2.1. 


SOLUTION The boundary-value problem to be solved is 


(eu lou gu 
a’ + = O0<r<c, t>0 


of a circular membrane in Example 1 


ðr? rər ar’ 
FIGURE 13.2.1 Initial displacement uc), r9 
u 
un fü |. eg. Os rea 
Ot |t=0 
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Substituting u — R(r)T(t) into the partial differential equation and separating 
variables gives 


1 
R" +-R' 
r 


= = —À. 3 
R aT 6) 
Note that in (3) we have returned to our usual separation constant — A. The two equa- 
tions obtained from (3) are 


rR" + R' + ArR ^0 (4) 
and T" + @aT=O0. (5) 


Because of the vibrational nature of the problem, equation (5) suggests that we use 
only A = à? > 0, a > 0, since this choice leads to periodic functions. Also, take a 
second look at equation (4); it is not a Cauchy-Euler equation but is the parametric 
Bessel equation of order v = 0, that is, rR” + R' + a’rR = 0. From (13) of Section 
6.3 the general solution of the last equation is 


R= CJ (ar) + C Yoglar). (6) 
The general solution of the familiar equation (5) is 
T = c; cos aat + c,sin aat. 


Now recall that Y(ar) — —% as r— 0*, so the implicit assumption that the 
displacement u(r, t) should be bounded at r = 0 forces us to define c? = 0 in (6). 
Thus R = c)Jo(ar). 

Since the boundary condition u(c, t) = 0 is equivalent to R(c) = 0, we must have 
cıJolæc) = 0. We rule out c, = 0 (this would lead to a trivial solution of the PDE), so 
consequently, 


Jo(ac) = 0. (7) 


If x, = oc are the positive roots of (7), then a, = x,/c, and so the eigenvalues of the 
problem are A, = o2 = x? /c?, and the eigenfunctions are c\Jo(@,r). Product solu- 
tions that satisfy the partial differential equation and the boundary conditions are 


us, = ROTO = (A, cos aot + B, sin adt) Jaar), (8) 
where we have done the usual relabeling of constants. The superposition prin- 
ciple gives 


[^] 


u(r, t) = Y, (A, cos aa,t + B, sin aat) (a,r). (9) 


n=1 


The given initial conditions determine the coefficients A, and B, 
Setting t = 0 in (9) and using u(r, 0) = f(r) gives 


ft) = X A Ala, 7. (10) 


n=1 


The last result is recognized as the Fourier-Bessel expansion of the function f on the in- 
terval (0, c). Hence by a direct comparison of (7) and (10) with (8) and (15) of Section 
11.5 we can identify the coefficients A, with those given in (16) of Section 11.5: 


2 


Ass o 
"o PRla) 


Í rJ(&æ,r) f(r) dr. (11) 
0 
Next, we differentiate (9) with respect to t, set t = 0, and use u, (r, 0) = g(r): 


g(r) = > ao, B, Jo(a,r). 


n-l 


LN 


(c) 
FIGURE 13.2.2 Standing waves 
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This is now a Fourier-Bessel expansion of the function g. By identifying the total co- 
efficient ao, B, with (16) of Section 11.5, we can write 


2, T 
B, d 2p Í rJ((a,r)g(r) dr. (12) 
aa,c Ji(oc) 0 


Finally, the solution of the original boundary-value problem is the series in (9) with 
coefficients A, and B, defined in (11) and (12). [| 


STANDING WAVES Analogous to (11) of Section 12.4, the product solutions (8) 
are called standing waves. For n = 1, 2, 3,... the standing waves are basically the 
graph of Jo(a@,r) with the time varying amplitude 


A,cos aa,t + B, sin aa,t. 


The standing waves at different values of time are represented by the dashed 
graphs in Figure 13.2.2. The zeros of each standing wave in the interval (0, c) 
are the roots of Jo(a@,r) = 0 and correspond to the set of points on a standing wave 
where there is no motion. The set of points is called a nodal line. If (as in 
Example 1) the positive roots of Jo(a,c) = 0 are denoted by x,, then x, = oc 
implies that a, = x,/c, and consequently, the zeros of the standing wave are 
determined from 


Xn 
Jo(a,r) — n(® r) =0. 
C 


Now from Table 6.1 the first three positive zeros of Jo are (approximately) x; = 2.4, 
X? = 5.5, and x3 = 8.7. Thus for n = 1 the first positive root of 


X1 " 2.4 
Jol —r] —*0 is —r = 2.4 or r=c. 
c G 


Since we are seeking zeros of the standing waves in the open interval (0, c), the last 
result means that the first standing wave has no nodal line. For n = 2 the first two 
positive roots of 


5.5 j 
(2 r) =0 are determined from —r= 24 and —r= 5.5. 
€ c e 


Thus the second standing wave has one nodal line defined by r = xic/x» = 2.4c/5.5. 
Note that r = 0.44c < c. For n = 3 a similar analysis shows that there are two nodal 
lines defined by r = xıc/x3 = 2.4c/8.7 and r = xoc/xa = 5.5c/8.7. In general, the 
nth standing wave has n — 1 nodal lines r = x1c/x,, F = X2C/Xn,. 6, F = Xa 1C/ Xn. 
Since r — constant is an equation of a circle in polar coordinates, we see in 
Figure 13.2.2 that the nodal lines of a standing wave are concentric circles. 


USE OF COMPUTERS It is possible to see the effect of a single drumbeat for the 
model solved in Example 1 by means of the animation capabilities of a computer 
algebra system. In Problem 15 in Exercises 13.2 you are asked to find the solution 
given in (6) when 


vy» OSr<b 


=] - d =} 


Some frames of a “movie” of the vibrating drumhead are given in Figure 13.2.3. 
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(x, y Z) or 
Gao 


FIGURE 13.2.4 Cylindrical 
coordinates of a point (x, y, z) 
are (r, 0, z). 


£^ u=uġatz=4 


u=0atz=0 


FIGURE 13.2.5 Circular cylinder 


in Example 2 
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FIGURE 13.2.3 Frames of a CAS “movie” 


LAPLACIAN IN CYLINDRICAL COORDINATES In Figure 13.2.4 we can see 
that the relationship between the cylindrical coordinates of a point in space and its 
rectangular coordinates is given by 


x = r cos 0, y = rsin 0, ZSR 


It follows immediately from the derivation of the Laplacian in polar coordinates (see 
Section 13.1) that the Laplacian of a function u in cylindrical coordinates is 
u ld, 18u du 

+ + 


V?u = ; 
ðr? rar rae az 


| EXAMPLE 2 Steady Temperatures in a Circular Cylinder 


Find the steady-state temperature u in the circular cylinder shown in Figure 13.2.5. 


SOLUTION The boundary conditions suggest that the temperature u has radial sym- 
metry. Accordingly, u(r, z) is determined from 
u lou du 
+ 
ðr? rər og 


= 0, 0cr«2, 0<z<4 


u(2,z2 —0, O<z<4 
u(r,0) = 0, u(r,4) =u, O<r<2. 


Using u = R(r)Z(z) and separating variables gives 


1 
Rb = R! F 
M S (13) 
R Z 
and rR" + R' + ArR = 0 (14) 
Z" —-AZ=0. (15) 
We choose the separation constant to be A = o? > 0 (the choice A = —o? <0 


would, in view of equation (15), result in a condition that there is no reason to expect, 
namely, a solution u(r, z) that is periodic in z). The solution of (14) is 


R(r) = cyJo(ar) + CrY)(ar), 


and since the solution of (15) is defined on the finite interval [0, 4], we write its gen- 
eral solution as 


Z(z) = c,coshaz + c4sinh az. 


As in Example 1, the assumption that the temperature u is bounded at r = 0 
demands that c; = 0. The condition u(2, z) = 0 implies that R(2) = 0. This equation, 


Joa) = 0, (16) 


defines the positive eigenvalues A, = a2 of the problem. Finally, Z(0) = 


13.2 POLAR AND CYLINDRICAL COORDINATES ° 


481 


0 implies 


that c3 = 0. Hence we have R(r) = cyJo(Q@nr), Z(z) = c4 sinh az, and 


Un = R(r)Z) 


u(r, z) = 


= A, sinh o, ZJo(Q,r) 


5 A, sinh @,zJ9(a@,/). 


n=1 


The remaining boundary condition at z = 4 then yields the Fourier-Bessel series 


Uy = Y A, sinh 4a, Jo(acr), 


n-l 


so in view of the defining equation (16) the coefficients are given by (16) of 


Section 11.5, 


A, sinh 4a, = 


zs F ae |’ rJo(at,r) dr. 
120 


To evaluate the last integral, we first use the substitution t = or, followed by 


d 
— [EJO] = tJo(t). From 
dt 
A, sinh 4 fi IJA] dt 2 
sin ———À——— EIUS 
pem pu Qa) a o, Ji (20n) 
Uo 
we get A, = - 
a, sinh 4a, J (20) 
Thus the temperature in the cylinder is 
1 
u(r, z) = ug b sinh a,z Jo(a,,r). [| 


n=1 Q, Sinh 4a,,J;(2a,,) 


EXERCISES 13.2 


Answers to selected odd-numbered problems begin on page ANS-22. 


. Find the displacement u(r, t) in Example 1 if f(r) = 0 
and the circular membrane is given an initial unit 
velocity in the upward direction. 


. A circular membrane of unit radius 1 is clamped along 
its circumference. Find the displacement u(r, t) if the 
membrane stari from rest from the initial displacement 
fir21- r’, 0<r< 1. [Hint See Problem 10 in 
Exercises 1L5] 


. Find the steady-state temperature u(r, z) in the cylinder 
in Example 2 if the boundary conditions are u(2, z) = 0 
0<z<4, u(r, 0) = uo, u(r, 4) =0,0<r<2. 


. If the lateral side of the cylinder in Example 2 is insu- 
lated, then 
ðu 


pans = 0, 


- 0<z<4. 
Or |r=2 


(a) Find the steady-state temperature u(r, z) when 
ur, 4) =f(r),0<r<2. 

(b) Show that the steady-state temperature in part (a) 
reduces to u(r, z) = uoz/4 when f(r) = uo. [Hint: 
Use (12) of Section 11.5.] 


5. 


9. 


Find the steady-state temperature u(r, z) in the cylinder 
in Figure 13.2.5 if the lateral side is kept at temperature 
0, the top z = 4 is kept at temperature 50, and the base 
z = O is insulated. 


. Find the steady-state temperature u(r, z) in the cylinder 


in Figure 13.2.5 if the lateral side is kept at temperature 
50 and the top z = 4 and base z = 0 are insulated. 


. The temperature in a circular plate of radius c is deter- 


mined from the boundary-value problem 


au lou ðu 

k| — + T 0<r<c, t»0 
or ror ot 

u(c,t) =0, t>0 

u(r0) =fr) O<r<e. 


Solve for u(r, f). 


. Solve Problem 7 if the edge r — c of the plate is 


insulated. 


When there is heat transfer from the lateral side of an 
infinite circular cylinder of unit radius (see Figure 13.2.6) 
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into a surrounding medium at temperature zero, the tem- 
perature inside the cylinder is determined from 


au lou ðu 
k + = 0<r<1, t>0 
or rər ðt 


ðu 


= —hu(l, f), 
or msn 


r=1 


h>0, t>0 


u(r, 0) =f), O<r<l. 


Solve for u(r, t). 


FIGURE 13.2.6 Infinite cylinder in Problem 9 


10. Find the steady-state temperature u(r, z) in a semi-infinite 
cylinder of unit radius (z = 0) if there is heat transfer from 
its lateral side into a surrounding medium at temperature 
zero and if the temperature of the base z = 0 is held at a 
constant temperature uo. 


11. A circular plate is a composite of two different materi- 
als in the form of concentric circles. See Figure 13.2.7. 
The temperature in the plate is determined from the 
boundary-value problem 


u 1lóu ðu 
ria Q€r€«323 420 
or  rór ðt 

u(2,t) = 100, t>0 


200, O<r<l 


uro) = no lr. 


Solve for u(r, t). [Hint: Let u(r, f) = v(r, t) + v(r).] 


u = 100 


(B 
=Y 


FIGURE 13.2.7 Composite circular plate in Problem 11 
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12. Solve the boundary-value problem 


u 1ðu B= ðu 
ð rör ðt 


u(1,f) 2-0, t>0 
u(r,0)-0, O<r<l. 


0<r<1, t>0 


> 


Assume that f is a constant. 


13. The horizontal displacement u(x, t) of a heavy uniform 
chain of length L oscillating in a vertical plane satisfies 
the partial differential equation 


ð ðu 9?u 
SL X] = Ocx-«L, t0. 
Ox Ox ot 


See Figure 13.2.8. 


(a) Using —A as a separation constant, show that the or- 
dinary differential equation in the spatial variable 
x is x X" + X' + AX = 0. Solve this equation by 
means of the substitution x — 77/4. 

(b) Use the result of part (a) to solve the given partial 
differential equation subject to 


u(L,t =0, t>0 


=0, 0<x<L. 


ðu 
ux, 0) = fO) — D 


[Hint: Assume that the oscillations at the free end 
x = O are finite.] 


XA 


p 0 
FIGURE 13.2.8 Oscillating chain in Problem 13 
14. In this problem we consider the general case—that is, 


with 0 dependence—of the vibrating circular membrane 
of radius c: 


(5 lou 1 a) ou 
a _ 


+ + : 0<r<c, t>0 
o? rðr or Oe ot? DES 


ul, 06 A —0, 0«0-c«2m, t>0 
u(r, 0,0) = f(r, 0) O<r<c, 0<0<2r 
ðu 


3: —$(r,0, O<r<c, 0<0< 27. 


t=0 


(a) Assume that u = R(r)8(0)T(t) and that the separa- 
tion constants are —A and —v. Show that the sepa- 
rated differential equations are 


T" + @rT = Q, 0" + vO =0 
PR" + rR' + (A? — vR — 0. 


(b) Let A = a? and v = (8? and solve the separated 
equations. 

(c) Determine the eigenvalues and eigenfunctions of 
the problem. 

(d) Use the superposition principle to determine a mul- 


tiple series solution. Do not attempt to evaluate the 
coefficients. 


Computer Lab Assignments 


15. Consider an idealized drum consisting of a thin mem- 


brane stretched over a circular frame of unit radius. 

When such a drum is struck at its center, one hears a 

sound that is frequently described as a dull thud rather 

than a melodic tone. We can model a single drumbeat 

using the boundary-value problem solved in Example 1. 

(a) Find the solution u(r, f) given in (6) when c = 1, 
f(r) = 0, and 


(n = —Vo, O=r<b 
id 0, bzrc«l. 


(b) Show that the frequency of the standing wave 
uy(r, t) is f, = aa,/27, where a, is the nth positive 
zero of Jo(x). Unlike the solution of the one- 
dimensional wave equation in Section 12.4, the fre- 
quencies are not integer multiples of the fundamen- 
tal frequency fj. Show that fọ 2.295f| and 
fs ~ 3.598fi. We say that the drumbeat produces 
anharmonic overtones. As a result, the displace- 
ment function u(r, f) is not periodic, so our ideal 
drum cannot produce a sustained tone. 

(c) Leta=1, b= i and vo = 1 in your solution in 
part (a). Use a CAS to graph the fifth partial sum 
Ss(r, t) at the times t = 0, 0.1, 0.2, 0.3,..., 5.9, 6.0 


16. 


17. 
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for —1 <r < 1. Use the animation capabilities of 
your CAS to produce a movie of these vibrations. 


(d) For a greater challenge, use the 3D-plot application 
of your CAS to make a movie of the motion of the 
circular drum head that is shown in cross section in 
part (c). [Hint: There are several ways of proceed- 
ing. For a fixed time, either graph u as a function of 
xand y using r = Vx? + y^ or use the equivalent of 
Mathematica’s CylindricalPlot3D.] 


(a) Consider Example 1 with a = 1, c = 10, g(r) = 0, 
and f(r) = 1 — r/10, 0 <r < 10. Use a CAS as an 
aid in finding the numerical values of the first three 
eigenvalues A,, Az, A3 of the boundary-value prob- 
lem and the first three coefficients Aj, A», A3 of the 
solution u(r, f) given in (6). Write the third partial 
sum §3(r, t) of the series solution. 


(b) Use a CAS to plot the graph of Sa(r, t) for t = 0, 4, 
10, 12, 20. 


Solve Problem 7 with boundary conditions u(c, t) = 
200, u(r, 0) = 0. With these imposed conditions, one 
would expect intuitively that at any interior point of 
the plate, u(r, t) — 200 as t — œ. Assume that c = 10 
and that the plate is cast iron so that k — 0.1 (approxi- 
mately). Use a CAS as an aid in finding the numerical 
values of the first five eigenvalues Aj, Ao, Aa, Aa, As 
of the boundary-value problem and the five coeffi- 
cients Aj, A», A3, Ay, As in the solution u(r, t). Let the 
corresponding approximate solution be denoted by 
Ss(r, t). Plot S5(5, f) and S5(0, f) on a sufficiently large 
time interval 0 < t < T. Use the plots of S5(5, f) and 
S5(0, f) to estimate the times (in seconds) for which 
u(5, t) = 100 and u(0, f) = 100. Repeat for u(5, t) = 200 
and u(0, t) = 200. 


13.3 


SPHERICAL COORDINATES 


REVIEW MATERIAL 


spherical coordinates. 


* Legendre's differential equation in Section 6.3 
* Forms of Fourier-Legendre series in Definition 11.5.2 


INTRODUCTION We conclude our examination of boundary-value problems in different coor- 
dinate systems by next considering problems involving the heat, wave, and Laplace's equation in 


LAPLACIAN IN SPHERICAL COORDINATES As shown in Figure 13.3.1, a 
point in 3-space is described in terms of rectangular coordinates and in spherical co- 
ordinates. The rectangular coordinates x, y, and z of the point are related to its spher- 
ical coordinates r, 0, and $ through the equations 


x = r sin 0cos Q, 


y = rsin sin ¢, z = r cos 6. (1) 


484 ° CHAPTER 13 BOUNDARY-VALUE PROBLEMS IN OTHER COORDINATE SYSTEMS 


FIGURE 13.3.1 Spherical coordinates 
of a point (x, y, z) are (r, 0, à). 


uÈ f6) 


atr=c 


FIGURE 13.3.2 Dirichlet problem 


for a sphere 


By using the equations in (1), it can be shown that the Laplacian V7u in the spherical 
coordinate system is 
u  20u 1 Ou 1u cot Adu 


V2y = + + + + ; 2 
ðr? rər  rsi00qQ? rog? r 90 2) 


As you might imagine, problems involving (2) can be quite formidable. Consequently, 
we shall consider only a few of the simpler problems that are independent of the 
azimuthal angle ¢. 

The next example is a Dirichlet problem for a sphere. 


I EXAMPLE 1 Steady Temperatures in a Sphere 


Find the steady-state temperature u(r, 0) within the sphere shown in Figure 13.3.2. 


SOLUTION The temperature is determined from 


u 2du 18u  cot0090u 

Sos tsa RM O0<r<c, 0<0<7 
or ror  r*900 r^ 00 

u(c,0) = f(00, 0«0-« m. 


If u = R(r)0(0), then the partial differential equation separates as 


r?R" + 2rR' I ©” + cot00' — 
R (G) i 
and so rR" + 2rR'’ - AR=0 (3) 
sin 0 ©” + cos 90’ + Asin 80 = 0. (4) 
After we substitute x = cos 0, 0 = 0 S m, (4) becomes 
20 do 
(1 — x?) —5 — 2x +AO=0, -1zx-zl. (5) 
dx* dx 


The latter equation is a form of Legendre's equation (see Problem 46 in Exercises 
6.3). Now the only solutions of (5) that are continuous and have continuous deriva- 
tives on the closed interval [— 1, 1] are the Legendre polynomials P, (x) correspond- 
ing to À = n(n + 1), n = 0, 1, 2, .... Therefore we take the solutions of (4) to be 


© = P (cos 0). 
Furthermore, when A = n(n + 1), the general solution of the Cauchy-Euler 
equation (3) is 
R = eum cr et», 


Since we again expect u(r, 0) to be bounded at r — 0, we define c5 — 0. Hence 
Un = Ayr"P,(cos 0), and 


u(r, 0) = Y, A,r"P, (cos 0). 


n=0 
Atr=c, f(0) = > A,c"P,(cos 0). 
n=0 
Therefore A,c" are the coefficients of the Fourier-Legendre series (23) of Section 11.5: 


_2nt+ 1 


n 
2C" 


[FoP cos 0) sin 0 dé. 
0 


It follows that the solution is 


can qe E , py 
u(r, 0) — 2 ( 2 f F(0) P,,(cos 0) sin sao) P,(cos 0). [| 
0 


n-0 
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| EXERCISES 13.3 


Answers to selected odd-numbered problems begin on page ANS-22. 


1. Solve the BVP in Example 1 if 


50, O0<0<7/2 
0, 7/2 « 0 «€ m. 


no =| 


Write out the first four nonzero terms of the series 
solution. [Hint: See Example 3 in Section 11.5.] 


2. The solution u(r, 0) in Example 1 of this section could 
also be interpreted as the potential inside the sphere due 
to a charge distribution f(0) on its surface. Find the 
potential outside the sphere. 


3. Find the solution of the problem in Example 1 if 
f(0) = cos 0, 0 < 0 < m. [Hint: P\(cos 0) = cos 0. Use 
orthogonality.] 


4. Find the solution of the problem in Example 1 if 
f(80) = 1 — cos 20, 0 < 0 < m. [Hint: See Problem 18 
in Exercises 11.5.] 


5. Find the steady-state temperature u(r, 0) within a hol- 
low sphere a < r < b if its inner surface r = a is kept 
at temperature f (0) and its outer surface r = b is kept at 
temperature zero. The sphere in the first octant is shown 
in Figure 13.3.3. 


u = f(0) 


atr-a * 


x 


FIGURE 13.3.3 Hollow sphere in Problem 5 
6. The steady-state temperature in a hemisphere of radius 
r — cis determined from 
u 2du 18u cot ddu 
ðr? rər r30? r a6 


0<r<c, 0c0c7 


= 0, 


(2) - o O<r<c 
2 

T 
u(r, 6) =f), 0c 8«7. 


Solve for u(r, 0). [Hint: P,(0) = 0 only if n is odd. Also 
see Problem 20 in Exercises 11.5.] 


7. Solve Problem 6 when the base of the hemisphere is 
insulated; that is, 


ðu 
00 |0= 712 


8. Solve Problem 6 for r > c. 


=0 Ore 


, 


9. The time-dependent temperature within a sphere of unit 
radius is determined from 
ðu 2du du 
a em 0<r<1, t>0 
or ror ot 
u(l,f) = 100, 1:20 
u(r,0Q) -0, O<r<l. 


Solve for u(r, t). [Hint: Verify that the left-hand side of 
the partial differential equation can be written as 
19 

xam (ru) Let ru(r,t)-— vir, + y(r. Use only 
r 


functions that are bounded as r —> 0.] 


10. A uniform solid sphere of radius 1 at an initial constant 
temperature uo throughout is dropped into a large con- 
tainer of fluid that is kept at a constant temperature u 
(u; > uo) for all time. See Figure 13.3.4. Since there is 
heat transfer across the boundary r = 1, the temperature 
u(r, t) in the sphere is determined from the boundary- 
value problem 

u 2du ðu 

~$ ==, 0<r<il, t>0 
or ror ðt 

ðu 

ðr 


= —h(u0,f ^u) 0<h<1 


r=1 


ulr, 0) =u, Oc«rc«l. 


Solve for u(r, t). [Hint: Proceed as in Problem 9.] 


FIGURE 13.3.4 Container of fluid in Problem 10 


11. Solve the boundary-value problem involving spherical 


vibrations: 
au 20u ou 
« + )- : 0<r<c, t>0 
ar rar) ðf 


u(c,t) =0, t0 


= g(r) O<r<e. 
0 


ðu 
uO — fe p 


[Hint: Verify that the left side of the partial differential 


19 
equation is à? — 28 (ru). Let v(r, f) = rutr, t).] 
r or? 


486 ° 


12. A conducting sphere of radius r = c is grounded and 
placed in a uniform electric field that has intensity E in 
the z-direction. The potential u(r, 0) outside the sphere 
is determined from the boundary-value problem 

u 20u 1 du cot ddau 

+ 

or? rór rog r 06 

u(c,0 —0, 0«0-« 

lim u(r, 0) = —Ez = —Ercos 0. 


=0, r»c,0«0-««m 
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Show that 


3 
u(r, 0) = —Er cos 0 + EČ cos 9. 
ar 


[Hint: Explain why f cos 0 P,(cos 0) sin 0d0 = 0 for 
all nonnegative integers except n= l. See (24) of 
Section 11.5.] 
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Answers to selected odd-numbered problems begin on page ANS-23. 


1. Find the steady-state temperature u(r, 0) in a circular 
plate of radius c if the temperature on the circumference 
is given by 

uy, O< T 

T « 0 «2m. 


u(c, 0) — | 


— to, 


2. Find the steady-state temperature in the circular plate in 
Problem 1 if 


1, 0«0« m/2 
u(c,0) =40,  -7/2« 0€ 3mJ/2 
1, 3«/2 < 0 € 2m. 


3. Find the steady-state temperature u(r, 0) in a semicircu- 
lar plate of radius 1 if 


u(1, 0) = ug(0 — 6?), 0<0<7 
u(r,0) = 0, u(r, m) =0, O<r<l. 


4. Find the steady-state temperature u(r, 0) in the semicir- 
cular plate in Problem 3 if u(1, 0) = sin 0, 0 < 0 < rm. 


5. Find the steady-state temperature u(r, 0) in the plate 
shown in Figure 13.R.1. 


FIGURE 13.R.1  Wedge-shaped plate in Problem 5 


6. Find the steady-state temperature u(r, 0) in the infinite 
plate shown in Figure 13.R.2. 


=Y 


\ t 
u=0 u=0 


FIGURE 13.R.2 


Infinite plate in Problem 6 


7. Suppose heat is lost from the flat surfaces of a very thin 
circular unit disk into a surrounding medium at temper- 
ature zero. If the linear law of heat transfer applies, the 
heat equation assumes the form 


u 109u ðu 
zs hu = —, 
or r or Ot 


h>0, 0<r<1, t>0. 
See Figure 13.R.3. Find the temperature u(r, t) if the 
edge r = | is kept at temperature zero and if initially the 
temperature of the plate is unity throughout. 


0? 


FIGURE 13.R.3 Circular plate in Problem 7 


8. Suppose x, is a positive zero of Jo. Show that a solution 
of the boundary-value problem 


9u 19u gu 
a | = : Ocrc«l, t>0 
ór  rór ar 
u(1,t) =0, t>0 
u(r, 0) = ugJo(xyr), | =0, 0<r<l 
Ot 11-0 


is u(r, t) = ugJo(xyr) cos axgt. 


9. Find the steady-state temperature u(r, z) in the cylinder 
in Figure 13.2.5 if the lateral side is kept at temperature 
50, the top z = 4 is kept at temperature 0, and the base 
z = Ois insulated. 


10. Solve the boundary-value problem 


8u à lou u 


= 0, Ocr«l, 0<z<l 
or? ror dz j " 
ðu 
— =0, 0<z<l 
Or |r=1 
ur,0) =fr), u(r,1 —g() O<r<l. 


11. Find the steady-state temperature u(r, 0) in a sphere of 
unit radius if the surface is kept at 


100, 0« 0« m/2 
—100, -/2«0-« m. 


[Hint: See Problem 22 in Exercises 11.5.] 


u(1, 0) = | 


12. Solve the boundary-value problem 
Ou 2ðu 8 ru 
or rər Ot” 


Ocrc«l, ¢t>0 


ðu 

m =0, t>0 

ðr |r=1 
ðu 

u(r, 0) = f(r), = g(r) 0<r<1. 
Ot |r=0 


[Hint: Proceed as in Problems 9 and 10 in Exercises 13.3, 
but let v(r, f) = ru(r, t). See Section 12.7.] 


13. The function u(x) = Yo(aa)Jo(ax) — Jo(aa)Yo(ax), a > 0 
is a solution of the parametric Bessel equation 


du du 
2 2.2, — 
x +x + axu = 0 
dx? dx 


on the interval [a, b]. If the eigenvalues A, = a are 
defined by the positive roots of the equation 


Yo(aa)Jo(ab) — Jo(aa)Yo(ab) = 0, 
show that the functions 
U(X) = Yoana) anx) — Jana) Yoon, x) 
U(X) = Yla, a) Jax) — Joana) Yon x) 
are orthogonal with respect to the weight function 
p(x) = x on the interval [a, b]; that is, 


b 
f xu, (X)u,(x) dx = 0, m * n. 


[Hint: Follow the procedure on pages 418—419.] 


CHAPTER 13 IN REVIEW ° 487 


14. Use the results of Problem 13 to solve the following 
boundary-value problem for the temperature u(r, t) in a 
circular ring: 


u ldu ðu 
—ÀÀ + i —À — E 
ðr? r or ðt 
u(a,t)=0, u(b,t) 0, t>0 
u(r,0) = f(r) a<r<b. 


a<r<b, t>0 


15. Discuss how to solve 


u lou gu 
ðr? ror oz 


= 0, O<r<c, O<z<L 


with the boundary conditions given in Figure 13.R.4. 
Carry out your ideas and find u(r, z). [Hint: Review (11) 
of Section 12.5.] 


u=f(r) 

atz=L 
u=h(z) Se 
atr=c 

u=g(r) 

atz=0 


FIGURE 13.R.4 Cylinder in Problem 15 


INTEGRAL TRANSFORMS 


14.1 Error Function 

14.2 Laplace Transform 
14.3 Fourier Integral 
14.4 Fourier Transforms 
CHAPTER 14 IN REVIEW 


The method of separation of variables is a powerful but not universally applicable 
method for solving boundary-value problems. If the partial differential equation is 
nonhomogeneous, if the boundary conditions are time dependent, or if the domain 
of the spatial variable is an infinite interval (—°%, ©) or a semi-infinite interval (a, ©), 
we may be able to use an integral transform to solve the problem. In Section 14.2 
we will solve problems that involve the heat and wave equations by means of the 
familiar Laplace transform. In Section 14.4 we introduce three new integral 


transforms—the Fourier transforms. 
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14.1 


ERROR FUNCTION 


REVIEW MATERIAL 
e See (14) and Example 7 in Section 2.3. 


INTRODUCTION There are many functions in mathematics that are defined in terms of an 
integral. For example, in many traditional calculus texts the natural logarithm is defined in the 
following manner: In x = f1 dt/t, x > 0. In earlier chapters we saw, albeit briefly, the error function 
erf(x), the complementary error function erfc(x), the sine integral function Si(x), the Fresnel sine 
integral S(x), and the gamma function I'(o); all of these functions are defined by means of an 
integral. Before applying the Laplace transform to boundary-value problems, we need to know a 
little more about the error function and the complementary error function. In this section we exam- 
ine the graphs and a few of the more obvious properties of erf(x) and erfc(x). 


FIGURE 14.1.1 


Graphs of erf(x) 


and erfc(x) for x = 0 


PROPERTIES AND GRAPHS The definitions of the error function erf(x) and 
complementary error function erfc(x) are, respectively, 


E LE 2. 4 a 
erf(x) — EI e " du and erfc(x) — 2i e" du. (1) 


With the aid of polar coordinates it can be demonstrated that 


[ee] P 2 n P 
e du = — Or — | e" du ^ 1. 
f 2 Vr Jo 


Thus from the additive interval property of definite integrals, fọ = f$ + f7, the last 
result can be written as 


= e" du + e" du| — 1. 
=| | $ 


This shows that erf(x) and erfc(x) are related by the identity 
erf(x) + erfc(x) = 1. (2) 


The graphs of erf(x) and erfc(x) for x = 0 are given in Figure 14.1.1. Note that 
erf(0) = 0, erfc(0) = 1 and that erf(x) — 1, erfc(x) — 0 as x — œ. Other numerical 
values of erf(x) and erfc(x) can be obtained from a CAS or tables. In tables the error 
function is often referred to as the probability integral. The domain of erf(x) and of 
erfc(x) is (—%, ©). In Problem 11 in Exercises 14.1 you are asked to obtain the graph 
of each function on this interval and to deduce a few additional properties. 

Table 14.1, of Laplace transforms, will be useful in the exercises in the next 
section. The proofs of these results are complicated and will not be given. 


TABLE 14.1 Laplace Transforms 


f),a>0 ASO} = FG) f(),a>0 ee 
1 a = PE gn T ) p 

2 ; = en èia ews 5. eeb ere Vi à — ) s 
3. ere( ) c 6. — eheh" ert (ovi +35) " erte() dem 
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EX E RC | S E S 1 4 . 1 Answers to selected odd-numbered problems begin on page ANS-23. 


1 fier 
1. (a) Show that erf( V1) = Z z 
m Jo VT 


(b) Use the convolution theorem and the results of 
Problems 41 and 42 in Exercises 7.1 to show that 


dt. 


l 
Lferf(Vt)} E "TE 


2. Use the result of Problem 1 to show that 


1 
Vs 1 


3. Use the result of Problem 1 to show that 


Lferfe(V1)} = E 


1 
Vs(s — 1) 


4. Use the result of Problem 2 to show that 


Ple erf( Vt)) = 


1 
Je erfc( Vt)] x: BVD 


5. Let C, G, R, and x be constants. Use Table 14.1 to show 


that 
*) 
r) 


=j. (1 = e *VRCs* RG) = e Gc (a 
Cs +G 2 


6. Let a be a constant. Show that 


sinh a Vs 7 2n* la 2n*1—a 
sevi = | ) eri( 
s sinh Vs 2 2N/t 2Nt 


[Hint: Use the exponential definition of the hyperbolic 
sine. Expand 1/(1 — e^?V5) in a geometric series.] 


7. Use the Laplace transform and Table 14.1 to solve the 
integral equation 
t 
x0 -1 HO. dis 
0 Vf — T 
8. Use the third and fifth entries in Table 14.1 to derive the 
sixth entry. 


b 


9. Show iat | e* du = yr [erf(b) — erf(a)]. 


a 


a 


10. Show that f e du = Vr erf(a). 


—a 


Computer Lab Assignments 


11. The functions erf(x) and erfc(x) are defined for x < 0. 
Use a CAS to superimpose the graphs of erf(x) 
and erfc(x) on the same axes for —10 x x x 10. 
Do the graphs possess any symmetry? What are 
lim,—-—. erf(x) and lim,—.—. erfc(x)? 


| 14.2, LAPLACE TRANSFORM 


REVIEW MATERIAL 


1s transformed into an ODE. 


e Linear second-order initial-value problems (Sections 4.3 and 4.4) 


e Operational properties of the Laplace Transform (Sections 7.2-7.4) 


INTRODUCTION The Laplace transform of a function f(t), t=0, is defined to be 
LIFO} = fo e f(t) dt whenever the improper integral converges. This integral transforms the 
function f(t) into a function F of the transform parameter s, that is, Z{f(t)} = F(s). Similar to 
Chapter 7, where the Laplace transform was used mainly to solve linear ordinary differential 
equations, in this section we use the Laplace transform to solve linear partial differential equations. 
But in contrast to Chapter 7, where the Laplace transform reduced a linear ODE with constant coef- 
ficients to an algebraic equation, in this section we see that a linear PDE with constant coefficients 


TRANSFORM OF A FUNCTION OF TWO VARIABLES The boundary-value 
problems that we consider in this section will involve either the one-dimensional 
wave and heat equations or slight variations of these equations. These PDEs involve 
an unknown function of two independent variables u(x, t), where the variable t 


I 
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represents time f£ = 0. The Laplace transform of the function u(x, t) with respect to 
t is defined by 


L{ux, t)} = [e u(x, t) dt, 


where x is treated as a parameter. We continue the convention of using capital letters 
to denote the Laplace transform of a function by writing 


L{u(x, t)} = U(x, s). 


TRANSFORM OF PARTIAL DERIVATIVES The transforms of the partial 
derivatives du/dt and 0°u/dt* follow analogously from (6) and (7) of Section 7.2: 


Du = sU(x, s) E u(x, 0), (1) 
ot 

gu 
zn eas) — sux, 0) — u tx, 0). Q) 


Because we are transforming with respect to t, we further suppose that it is 
legitimate to interchange integration and differentiation in the transform of 
9?u/8x?: 


oo T au œ 92 7 d? co E d? 
t= | e" dt= | —le u&x, Oat = —| e" u&x, t) dt = — Sue, t)}; 
0 o Ox" 0 dx’ 


Ox? dx 
. dul dU 
that is, AP l T dx (3) 


In view of (1) and (2) we see that the Laplace transform is suited to problems 
with initial conditions — namely, those problems associated with the heat equation or 
the wave equation. 


l EXAMPLE 1 Laplace Transform of a PDE 


u Ou 
Find the Laplace transform of the wave equation a? PE. = ae t 0. 
= 2 


SOLUTION From (2) and (3), 


2 
becomes a? fu, f) = vL{u(x, À} — su(x, 0) — u(x, 0) 


du 
dx? 


2 


or a — gU = —su(x, 0) — u(x, 0). (4) E 


The Laplace transform with respect to t of either the wave equation or the heat 
equation eliminates that variable, and for the one-dimensional equations the trans- 
formed equations are then ordinary differential equations in the spatial variable x. In 
solving a transformed equation, we treat s as a parameter. 
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I EXAMPLE 2 Using the Laplace Transform to Solve a BVP 


u Pu 
Solve ———, 0cx-«l, rt»0 
ox ar? 
subject to u(0,) = 0, u(1,2) 4*0, t0 
ðu : 
u(x, 00720, — = sin mx, O<x<l. 
Ot |r=0 


SOLUTION The partial differential equation is recognized as the wave equation 
with a — 1. From (4) and the given initial conditions the transformed equation is 


— $ U = —sin mx, (5) 


where U(x, s) = L{u(x, t)}. Since the boundary conditions are functions of t, we 
must also find their Laplace transforms: 


L{u(0,t)} = UO,s)=0 and X (u(1,0) = U(1,s) = 0. (6) 


The results in (6) are boundary conditions for the ordinary differential equation (5). 
Since (5) is defined over a finite interval, its complementary function is 


U.(x, s) = c, cosh sx + c,sinh sx. 


The method of undetermined coefficients yields a particular solution 
— 1 ed 
UA, s) = UEM SIN TX. 
; 1 À 
Hence U(x, s) = ¢, cosh sx + c, sinh sx + —— = sin mx. 
j Sc pap 


But the conditions U(0, s) = 0 and U(1, s) = 0 yield, in turn, c; = 0 and cz = 0. We 
conclude that 


1 
U(x, s) = —— —— sin TX 
Qs 5) sS +T? 


s? 


1 1 
u(x, t) = 2| : 5 sin m} = — sin TX z I3. 
S^ ar T 


ls ; 
Therefore u(x, t) = — sin 7x sin mt. a 
T 


l EXAMPLE 3 Using the Laplace Transform to Solve a BVP 


A very long string is initially at rest on the nonnegative x-axis. The string is secured 
at x = 0, and its distant right end slides down a frictionless vertical support. The 
string is set in motion by letting it fall under its own weight. Find the displace- 
ment u(x, f). 


SOLUTION Since the force of gravity is taken into consideration, it can be shown 
that the wave equation has the form 


ub 


Vertical 
support —| 
at “ato” | 
fi l 
T » 
x 
l 
| 
1 d 
(at,— 2 8t 2) 
FIGURE 14.2.1 “Infinitely long” 


string falling under its own weight 


14.2 LAPLACE TRANSFORM ° 493 


Here g represents the constant acceleration due to gravity. The boundary and initial 
conditions are, respectively, 


. Ou 
4(0,) —0, lim —=0, t>0 
x OX 
à 
ux,0020, “| 29 x»9 
Ot |r=0 


The second boundary condition, lim,_...du/dx = 0, indicates that the string is 
horizontal at a great distance from the left end. Now from (2) and (3), 


8u ou 
2 ES 
ita xl Sg) zn 


P'U 
becomes 22 — $ = gU — su(x, 0) — u(x, 0) 
dx S 
or, in view of the initial conditions, 
PU s$ g 
d w as 


The transforms of the boundary conditions are 
S(u(0,)) = UO,s)=0 — and Di lim aul = lim —=0. 


With the aid of undetermined coefficients, the general solution of the transformed equa- 
tion is found to be 


U(x, s) = ce! + ces — za 
s 
The boundary condition lim,_...dU/dx = 0 implies that c2 = 0, and U(0, s) = 0 gives 
cı = g/s°. Therefore 


E —(xla)s — Es 


U(x, s) = "e 
E 


Now by the second translation theorem we have 


Je g 1 xV x 1 
ES E (lays = ( EU ) r 
a fs e s] 2 d a a 2 a 


1 
— Bf Cae — 
2 a 
Or u(x, t) = 
3 
— a Qaxt — x), tz- 
20° a 


To interpret the solution, let us suppose that f > 0 is fixed. For 0 = x = at the 
string is the shape of a parabola passing through (0, 0) and (at, — Sgt). For x > at 
the string is described by the horizontal line u = -igt See Figure 14.2.1. E 


Observe that the problem in the next example could be solved by the procedure 
in Section 12.6. The Laplace transform provides an alternative solution. 


| EXAMPLE 4 A Solution in Terms of erf (x) 


Solve the heat equation 


u ðu 
= — 0<x<l, 


— e, t>0 
ox? ðt 
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subject to u(0,t) = 0, u(1,t =u, t0 


u(x, 0) 2-0, O<x<l. 


SOLUTION From (1) and (3) and the given initial condition, 


becomes — —-sU=0. (7) 
The transforms of the boundary conditions are 
Ho 
U(0,s5) — 0 and U(1,s) — —. (8) 
5 


Since we are concerned with a finite interval on the x-axis, we choose to write the 
general solution of (7) as 


U(x, s) = c, cosh ( Vsx) + c, sinh (Vx). 
Applying the two boundary conditions in (8) yields c; = 0 and c» = ug /(s sinh Vs), 
respectively. Thus 
sinh ( V/sx) 
s sinh Vs. 


Now the inverse transform of the latter function cannot be found in most tables. 
However, by writing 
sinh (Vsx) | eV* — e-Vs — g&-DVs — g-G*DVs 


ssinh Vs — s(eV® — e-V5) s(1 = 2-29) 


and using the geometric series 


U(x, s) = ug 


1 co 
a): E —2nV's 
Lu ES 
[omg ae n=0 
sinh (V/sx) N- fa | 
ssinh Vs — 5-0 ' 


If we assume that the inverse Laplace transform can be done term by term, it follows 
from entry 3 of Table 14.1 that 


we find 
S S 


_ [sinh ed 
£f) = uy M —— —— 
od crue | s sinh Vs 
9o e Q*1-9Vs ent lta 
i E] 
n=0 S M 
s E (= +1- x) erfc (= +1+ 3 (9) 
=u f 
p 2Nt Wt 


The solution (9) can be rewritten in terms of the error function using 
erfc(x) = 1 — erf(x): 


u(x, t) — mÈ E (eI = ert ==>) (10) m 


Figure 14.2.2(a), obtained with the aid of the 3D-plot application in a CAS, 
shows the surface over the rectangular region 0 = x = 1, 0 € f = 6, defined by the 
partial sum Sio(x, t) of the solution (10) with uo = 100. It is apparent from the sur- 
face and the accompanying two-dimensional graphs that at a fixed value of x (the 
curve of intersection of a plane slicing the surface perpendicular to the x-axis on 
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the interval [0, 1] the temperature u(x, f) increases rapidly to a constant value as time 
increases. See Figures 14.2.2(b) and 14.2.2(c). For a fixed time (the curve of intersec- 
tion of a plane slicing the surface perpendicular to the f-axis) the temperature u(x, f) 
naturally increases from 0 to 100. See Figures 14.2.2(d) and 14.2.2(e). 


u(0.2,t) u(0.7,t) 
100 100 
80 80 
60 60 
40 40 
20 20 
t 
123 4 5 6 123 45 6 
(b) x = 02 (© x = 07 
u(x,0.1) u(x,4) 


02040608 1 
(e) t=4 


02040608 1 
(d) t= 0.1 


FIGURE 14.2.2 Graph of solution given in (10). In (b) and (c) x is held constant. 
In (d) and (e) t is held constant 


| | EXERCISES 14.2 


Answers to selected odd-numbered problems begin on page ANS-23. 


1. A string is stretched along the x-axis between (0, 0) and 
(L, 0). Find the displacement u(x, f) if the string starts 
from rest in the initial position A sin(7rx/ L). 


2. Solve the boundary-value problem 


Pu Pu 

i. = 2? 0 <x <= 1, t> 0 

Ox" ot 

u(0,t) = 0, u(1,) ^0 
ðu . ; 

u(x, 0) = 0, — = 2 sin mx + 4 sin 37x. 
Ot 11-0 


3. The displacement of a semi-infinite elastic string is 
determined from 


,9u Ou 
sS ae x20, t>0 
X 


u(0,f) = f(t), lim u(x, ft) 2-0, t>0 


ou 


,0 = 0, 
u(x, 0) m 


t=0 


Solve for u(x, t). 


4. Solve the boundary-value problem in Problem 3 when 


sin mt, 0ztzxl 
t) = 
r-i n 


Sketch the displacement u(x, t) for t > 1. 


5. In Example 3 find the displacement u(x, t) when the left 
end of the string at x = 0 is given an oscillatory motion 
described by f(t) = A sin wt. 


6. The displacement u(x, t) of a string that is driven by an 
external force is determined from 


ou 2 
L5 t sin Tx sin wt = —5, 0<x<1l, r>0 
Ox" ot 
u(0,t) —0, u(1, 2) 0, t0 
ðu 
u(x, 0) = 0, — =0, 0<x<l. 
Ot |r=0 


Solve for u(x, t). 


7. A uniform bar is clamped at x = 0 and is initially at rest. 
If a constant force Fo is applied to the free end at 
x = L, the longitudinal displacement u(x, t) of a cross 
section of the bar is determined from 


2 2 
,9u Ou 


Oa as Ocx-«L, t>0 
Ox ðt 
ðu 
u(0,t)=0, E =F), Eaconstant, t> 0 
OX |x=L 
ðu 
u(x, 0) = 0, — =0, 0<x< L. 
Ot |r=0 


Solve for u(x, f). [Hint: Expand 1/(1 + e?) in a 
geometric series. | 


8. A uniform semi-infinite elastic beam moving 
along the x-axis with a constant velocity —vo is 
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brought to a stop by hitting a wall at time f = 0. 
See Figure 14.2.3. The longitudinal displacement 


u(x, t) is determined from 


,9u Ou 
47m x20, t>0 
Ox ot 
ðu 
u(0,t) =0, lm —=0, t>0 
œ OX 
ðu 
u(x, 0) = 0, = =v, x20. 
Ot |t=0 
Solve for u(x, t). 
2 
Wall Beam 
| o 
A 
a. 
xe) x 


FIGURE 14.2.3 Moving elastic beam in Problem 8 
9. Solve the boundary-value problem 

Oru 
= — x>0, t>0 

ð L 
u(0, t) = 0, lim u&x, =0, t>0 

|. Qu 
u(x,0)— xe", — —0, x0. 
Ot |r=0 


10. Solve the boundary-value problem 


u 
=> = SS x20, t>0 


In Problems 11-18 use the Laplace transform to solve the 
heat equation uxx = ur x > 0, t — 0, subject to the given 


conditions. 


11. u(0, f) =u, lim u(x, t) = u, u(x0)-2u, 


u(x, t) 


= u, u(x, 0) = ux 


12. u(0,f) = uy, lim 


X— o 


ð 
13. |  — (0,0, lim u(x,t) = up u(x, 0) = w 
Ox |x=0 ids: 
ðu : 
14, | 7 00,0 — 50, lim wx, =0, ule, 0) = 0 
x |x =0 fau 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


. u(0, t =f), lim u(x,f) 20, u(x,0)—0 


[Hint: Use the convolution theorem.] 


ðu 


Ox 
u(0, f) = 60 + 40%(t — 2), lim u(x, t) = 60, 
u(x, 0) = 60 


= —f(t, hm ua) =0, ui, 0) =0 


x=0 


0.) = 20, O<t<l ji — 100 
u( s1) = 0, t= Vv a u(x, t) D , 
u(x, 0) = 100 


Solve the boundary-value problem 


Ou ðu 

ug eae —o-«cx«l, t»0 
Ox Ot 

ðu 


x = 100 — u(1, f), lim ux, ^0, t>0 
OX |x=1 xc cp 


u(x,0) 20, -®e<x< 1. 


Show that a solution of the boundary-value problem 
ðu 

k—+r=-—, x20, t>0 
ot 


. Ou 
u(0, -0, lim —=0, t>0 
xx 


u(x,0) 20, x0, 


where r is a constant, is given by 


: x 
,D rt — f dr. 
u(x,t) =r [en (12) T. 


A rod of length L is held at a constant temperature 
ug at its ends x = 0 and x = L. If the rod's initial 
temperature is uo + uosin(xv/L), solve the heat 
equation ux, = usn O < x< L, t >Q for the tempera- 
ture u(x, t). 


If there is a heat transfer from the lateral surface of 
a thin wire of length L into a medium at constant 
temperature um, then the heat equation takes on the 
form 


ðu 
k h(u Un) = p «xL £0; 
where / is a constant. Find the temperature u(x, t) if the 
initial temperature is a constant uo throughout and 
the ends x = 0 and x = L are insulated. 


A rod of unit length is insulated at x = 0 and is kept at 
temperature zero at x = 1. If the initial temperature of 
the rod is a constant uo, solve kuy, =u, Oc x «€ 1, 
t>0O for the temperature u(x, f) [Hint: Expand 
1/(1 + e-?V**) in a geometric series.] 


24. 


25. 


26. 


27. 


An infinite porous slab of unit width is immersed 
in a solution of constant concentration cg. A dissolved 
substance in the solution diffuses into the slab. The con- 
centration c(x, f) in the slab is determined from 


ac dc 
— ECL 0cx«l, t>0 
ox? Ot 
c(0, t) = co, c(l f) = co, t>0 
c(x,0)=0, 0<x<l, 


where D is a constant. Solve for c(x, t). 


A very long telephone transmission line is initially at a 
constant potential uo. If the line is grounded at x = 0 
and insulated at the distant right end, then the potential 
u(x, t) at a point x along the line at time f is determined 
from 


9?u ð 
AS RC — — RGu = 0, x20, t>0 
Ox ð 
. Ou 
u(0, t) = 0, lim — 720, t>0 
xc OX 
u(x, 0) = ug, x > 0, 


where R, C, and G are constants known as resistance, 
capacitance, and conductance, respectively. Solve for 
u(x, t). [Hint: See Problem 5 in Exercises 14.1.] 


Show that a solution of the boundary-value problem 


X20, £20, hconstant 


u(0, t) = uy, lim u(x,t) - 0, t0 


u(x,0) =0, x0 
: ( D UoX t A 
1S ux, = T. 
IVa Jo r” 


Starting at f = 0, a concentrated load of magnitude Fo 
moves with a constant velocity vo along a semi- 
infinite string. In this case the wave equation becomes 


,9u ou x 
a -a ae TO [ec 
Ox ot Vo 


where 6(t — x/vo) is the Dirac delta function. Solve the 
above PDE subject to 


u(0,t)=0, lim u(,2 =0, t>0 


ðu 


,0 m 0, p = 
HOM Ot |r=0 


0, x>0 


(a) when vo # a (b) when vo = a. 
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28. 


29. 


30. 


(a) The temperature in a semi-infinite solid is modeled 
by the boundary-value problem 


ðu du 


2 , x 0, 
Ox ot 


t>0 


u(0, t) = ug, hm u(x,t) = 0, t>0 
u(x,0) =0, x>0. 


Solve for u(x, t). Use the solution to determine ana- 
lytically the value of lim,_... u(x, t), x > 0. 


(b 


— 


Use a CAS to graph u(x, f) over the rectangular 
region defined by 0 < x = 10,0 t 15. Assume 
that uo = 100 and k = 1. Indicate the two boundary 
conditions and initial condition on your graph. Use 
2D and 3D plots of u(x, f) to verify your answer to 
part (a). 


(a) In Problem 28 if there is a constant flux of heat 
into the solid at its left-hand boundary, then the 
ð 
boundary condition is = =-A,A>0,t>0. 
X |x=0 
Solve for u(x, t). Use the solution to determine ana- 
lytically the value of lim, ,. u(x, t), x > 0. 

(b) Use a CAS to graph u(x, t) over the rectangular 
region defined by 0 = x = 10,0 < t = 15. Assume 
that uo = 100 and k = 1. Use 2D and 3D plots of 
u(x, t) to verify your answer to part (a). 


Humans gather most of our information on the outside 
world through sight and sound. But many creatures use 
chemical signals as their primary means of communica- 
tion; for example, honeybees, when alarmed, emit a 
substance and fan their wings feverishly to relay the warn- 
ing signal to the bees that attend to the queen. These mo- 
lecular messages between members of the same species 
are called pheromones. The signals may be carried by 
moving air or water or by a diffusion process in which the 
random movement of gas molecules transports the chem- 
ical away from its source. Figure 14.2.4 shows an ant 
emitting an alarm chemical into the still air of a tunnel. If 
c(x, t) denotes the concentration of the chemical x cen- 
timeters from the source at time r, then c(x, 7) satisfies 
==, x0, t>0 

and k is a positive constant. The emission of 
pheromones as a discrete pulse gives rise to a boundary 
condition of the form 


| = —AB(, 


Ox |x=0 
where 6(f) is the Dirac delta function. 
(a) Solve the boundary-value problem if it is further 
known that 


c(x,0)=0, x>0 and lim,..ca,)=0, t>0. 
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(b) Use a CAS to graph the solution in part (a) for >k mmp we K 
x = O at the fixed times t = 0.1, t= 0.5, t= 1, > 
t — 2, and t — 5. 0 T 
(c) For any fixed time f, show that fọ c(x, t) dx = Ak. FIGURE 14.2.4 Ant responding to chemical signal 
Thus Ak represents the total amount of chemical in Problem 30 
discharged. 
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FOURIER INTEGRAL 


REVIEW MATERIAL 

e The Fourier integral has different forms that are analogous to the four forms of Fourier series 
given in Definitions 11.2.1 and 11.3.1 and Problem 21 in Exercises 14.2. A review of these 
various forms is recommended. 


INTRODUCTION In Chapters 11—13 we used Fourier series to represent a function f defined on 
a finite interval such as (—p, p) or (0, L). When f and f" are piecewise continuous on such an inter- 
val, a Fourier series represents the function on the interval and converges to the periodic extension 
of f outside the interval. In this way we are justified in saying that Fourier series are associated only 
with periodic functions. We shall now derive, in a nonrigorous fashion, a means of representing 
certain kinds of nonperiodic functions that are defined on either an infinite interval (—%, ©) or a 
semi-infinite interval (0, oo). 


FOURIER SERIES TO FOURIER INTEGRAL Suppose a function f is defined on 
the interval (— p, p). If we use the integral definitions of the coefficients (9), (10), 
and (11) of Section 11.2 in (8) of that section, then the Fourier series of f on the 
interval is 


d T 
f) = 2p fo dt + — Ls IE f@ con ar) cos x + (e fO sin rat) sin (1) 


P n=1 


If we let a, = na /p, Aa = &n+1 — &n = T /p, then (1) becomes 


1/ {? 1< P E 
f) == (| f 2 Aat —M Ii f(0 cos at ar) cos a,x + (| f(0 sin a,t a) sin c, 1 ^a. (2) 
2T =p T n=1 =p =p 


We now expand the interval (—p, p) by letting p — ©. Since p — © implies that 
Aa — 0, the limit of (2) has the form liti. En F(a,) Aa, which is suggestive 
of the definition of the integral fo F(o) da. Thus if f2- f(t) dt exists, the limit of the 
first term in (2) is zero, and the limit of the sum becomes 


f@ = 1f (E f(t) cos at a) cos ax + (y f(t) sin at a) sin «| da. (3) 


The result given in (3) is called the Fourier integral of f on (—~, ©). As the follow- 
ing summary shows, the basic structure of the Fourier integral is reminiscent of that 
of a Fourier series. 


FIGURE 14.3.1 Piecewise-continuous 


function defined on (—%, °) 
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DEFINITION 14.3.1 Fourier Integral 


The Fourier integral of a function f defined on the interval (—%, 9») is 
given by 


fa) = 1 tao cos ax + B(a) sin ax] da, (4) 

0 
where A(a) = |, f(x) cos ax dx (5) 
B(a) = i F(x) sin ax dx. (6) 


—o6 


CONVERGENCE OF A FOURIER INTEGRAL  Sufficient conditions under which 
a Fourier integral converges to f(x) are similar to, but slightly more restrictive than, 


the conditions for a Fourier series. 


THEOREM 14.3.1 Conditions for Convergence 


Let f and f' be piecewise continuous on every finite interval and let f be 
absolutely integrable on (—%, %).” Then the Fourier integral of f on the interval 
converges to f(x) at a point of continuity. At a point of discontinuity the Fourier 
integral will converge to the average 


fox) + f@-) 
5 ; 


where f(x+) and f(x—) denote the limit of fat x from the right and from the left, 
respectively. 


l EXAMPLE 1 Fourier Integral Representation 


Find the Fourier integral representation of the function 


0, x«0 
f@m=)1, 0<x<2 
0, 320. 


SOLUTION The function, whose graph is shown in Figure 14.3.1, satisfies the 


hypotheses of Theorem 14.3.1. Hence from (5) and (6) we have at once 


oo 


A(a) = f(x) cos ax dx 


0 


2 oo 
= f(x) cos ax dx + f f(x) cos ax dx + [ f(x) cos ax dx 
—o0 0 2 


sin 2a 


2 
-Í cos ax dx = 
0 (a 


oo 2 


B(a) — f(x) sin ax dx — f sin ax dx = 
0 a 


1 — cos 2a 


—o6 


"This means that the integral [@., | f(x)| dx converges. 


500 


CHAPTER 14 


INTEGRAL TRANSFORMS 


Substituting these coefficients into (4) then gives 


1 {*|/sin2a@ 1—cos2a\ . 
Joo =s cos ax + | ————— ] sin ax | da. 
T Jo a a 


When we use trigonometric identities, the last integral simplifies to 


2 [ sin a cos a(x — 1) 
f(x) -— — A; (7) E 
T Jo 


Q 


The Fourier integral can be used to evaluate integrals. For example, it follows 
from Theorem 14.3.1 that (7) converges to f(1) = 1; that is, 


2 |*sin« “sin a T 
E da=1 and so da = —. 
0 Qa 0 Qa 2, 


The latter result is worthy of special note, since it cannot be obtained in the “usual” 
manner; the integrand (sin x) /x does not possess an antiderivative that is an elemen- 
tary function. 

COSINE AND SINE INTEGRALS When f is an even function on the interval 


(—, ©), then the product f(x) cos ax is also an even function, whereas f(x) sin ax 
is an odd function. As a consequence of property (g) of Theorem 11.3.1, B(o) = 0, 


and so (4) becomes 
f(x) = z [([r0 cos at 2 cos ax da. 
T JO 0 


Here we have also used property (f) of Theorem 11.3.1 to write 


f(t) cos at dt = 2 f ft) cos at dt. 
— o6 0 


Similarly, when fis an odd function on (—®, ©), products f(x) cos ax and f(x) sin ax 
are odd and even functions, respectively. Therefore A(o) = 0, and 


f(x) z [ (fro sin at 2 sin ox da. 
T Jo NJO 


We summarize in the following definition. 


DEFINITION 14.3.2 Fourier Cosine and Sine Integrals 


(i) The Fourier integral of an even function on the interval (—%, o») is the 
cosine integral 


f) = z D A(a) cos ax da, (8) 
T JO 


where A(a) — l E (x) cos ax dx. (9) 
0 


(ii) The Fourier integral of an odd function on the interval (— ^6, ~) is the 
sine integral 


f(x) z Ij B(a) sin ax da, (10) 
T JO 


where B(a) = Í "f sin ax dx. (11) 
0 
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l EXAMPLE 2 Cosine Integral Representation 


Find the Fourier integral representation of the function 


1, |x|<a 
0, |x] >a. 


feo - 


SOLUTION It is apparent from Figure 14.3.2 that fis an even function. Hence we 
represent f by the Fourier cosine integral (8). From (9) we obtain 


A(a) = | f(x) cos ax dx = Í f(x) cos ax dx + Í f(x) cos ax dx = Í cos ax dx — = = 
° : a 0 a 
2 |*si 
SO f(x) _ f Sin ao COS ax dis (2) m 
T Jo a 


FIGURE 14.3.2  Piecewise-continuous 


even function defined on (—%, oc) 


> 
| x 


FIGURE 14.3.3 Function defined 
on (0, 9») 


- 
x 
(a) Cosine integral 
M 
- 
ELT x 


(b) Sine integral 
FIGURE 14.3.4 (a) is the even 


extension of f; (b) is the odd extension 
of f 


The integrals (8) and (10) can be used when fis neither odd nor even and defined 
only on the half-line (0, ©). In this case (8) represents f on the interval (0, ©) and its 
even (but not periodic) extension to (—~, 0), whereas (10) represents f on (0, ©) and 
its odd extension to the interval (—~, 0). The next example illustrates this concept. 


| EXAMPLE 3 Cosine and Sine Integral Representations 


Represent f(x) = e ~, x> 0 


(a) by a cosine integral (b) by a sine integral. 


SOLUTION The graph of the function is given in Figure 14.3.3. 


(a) Using integration by parts, we find 


B 1 
A(a) = p dx — : 
(a) [- cos ax dx ird 
Therefore the cosine integral of fis 
2 |” cos ax 
f@ = - NT da. (13) 
(b) Similarly, we have 
B(a) = ~* si dx = : 
(a) E sin ax dx xg 
The sine integral of fis then 
2 |*asin ox 
f) = zl paw da. (14) 


Figure 14.3.4 shows the graphs of the functions and their extensions represented by 
the two integrals. a 


USE OF COMPUTERS We can examine the convergence of a Fourier integral in a 
manner similar to graphing partial sums of a Fourier series. To illustrate, let’s use part 
(b) of Example 3. Then by definition of an improper integral the Fourier sine integral 
representation (14) of f(x) = e *, x > 0, can be written as f(x) = lim,_.. F,(), 
where x is considered a parameter in 


2 |}? asin ax 
F ——]| — —— da. 15 
p(X) 2f 1 4 a a ( ) 
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Now the idea is this: Since the Fourier sine integral (14) converges, for a specified 
value of b>0 the graph of the partial integral F(x) in (15) will be an 
approximation to the graph of f in Figure 14.3.4(b). The graphs of Fj(x) for b = 5 
and b = 20 given in Figure 14.3.5 were obtained by using Mathematica and its 
NIntegrate application. See Problem 21 in Exercises 14.3. 


lr lr 
0.5 + 0.5 - 
0 x 0 x 
—0.5r —10.5. F 
—] F —1F 
NL 1 1 1 1 m" vu 1 1 1 1 A 
=3 —2 —1 0 1 2 3 23 -2 =| 0 1 2 3 


(a) Fs(x) (b) Fy9(x) 


FIGURE 14.3.5 Convergence of F;(x) to f(x) in Example 3(b) as b — oo 


COMPLEX FORM The Fourier integral (4) also possesses an equivalent complex 
form, or exponential form, that is analogous to the complex form of a Fourier series 
(see Problem 21 in Exercises 11.2). If (5) and (6) are substituted into (4), then 


1 [s] oo 
fo) = 1f f [cos at cos ax + sin at sin ax] dt dæ 
TJO 


—o6 


= | f(t) cos a(t — x) dt da 
T JO J—o 

= zy “ f(t) cos a(t — x) dt dæ (16) 
27 Jaco Je 


E +f | f(D[cos at — x) + isina(t = x)]dtda — (17) 


1 (oa) oo i p 
= — Í f fee" dt da 
23 J-e dse 


= i (E fe ae da. (18) 


We note that (16) follows from the fact that the integrand is an even function of a. In 
(17) we have simply added zero to the integrand; 


oo 


Ji E ee 


—oo J —o6 


because the integrand is an odd function of a. The integral in (18) can be expressed as 


f@ = E F C(a)e '** da, (19) 
2T Ju 


oo 


where Cla)=| f@e™ dx. (20) 


This latter form of the Fourier integral will be put to use in the next section when 
we return to the solution of boundary-value problems. 
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EX E RC l S E S 1 4 : 3 Answers to selected odd-numbered problems begin on page ANS-24. 


In Problems 1-6 find the Fourier integral representation of 
the given function. 


i x«-l 
1, -1«x-«0 
1. f(x) = , 
fe 5  diexel 
0, x1 
0, x< 7 
2. f(x) 2» 14, m«x«2m 
0, X 27 
0, x«0 
3. f(x) 21x, 0€x«3 
0, x>3 
0, x«0 
4. f(x) = 1sinx, SxS rm 
0, Xo qm 
0, x«0 
5. = 
et. |z| & 1 
6. = 
f(x) fe jala 


In Problems 7-12 represent the given function by an appro- 
priate cosine or sine integral. 


0, x«-l 
—5. =-l<27 <0 
7. f(x) = 
TOSI s excl 
0, x-I 
0, |x| € 1 
8. f@ = 07, 1«|x| x2 
0, lal 2 
|x|, [x| m k |x| < 7 
9, = 10. = 
FO) HA jme rain xa 


11. f(x) = ell sin x 12. f(x) = xe l*l 


In Problems 13-16 find the cosine and sine integral repre- 
sentations of the given function. 


13. fŒ) = e“, 
14. f() =e*-e*, x>0 
15. f() = xe "^, x>0 


16. f(x) =e *cosx, x>0 


k>0, x>0 


In Problems 17 and 18 solve the given integral equation for 
the function f. 


17. f f(x) cos ax dx = e* 
0 


1, O0<a<l 


18. frw sin ax dx = s HW 


19. (a) Use (7) to show that 


? sin 2x T 
dx = —. 
i x a 2 


[Hint: a is a dummy variable of integration.] 
(b) Show in general that for k > 0, 


? sin kx T 
dx — —. 
Í x i 2 


20. Use the complex form (19) to find the Fourier integral 
representation of f(x) = e^ "l. Show that the result is the 
same as that obtained from (8). 


Computer Lab Assignments 


21. While the integral (12) can be graphed in the same man- 
ner discussed on page 501 to obtain Figure 14.3.5, it can 
also be expressed in terms of a special function that is 
built into a CAS. 


(a) Use a trigonometric identity to show that an 
alternative form of the Fourier integral repre- 
sentation (12) of the function f in Example 2 
(with a — 1) is 


fo) = 1 [ sin a(t + 1) -sina(x — D yy 
T JO 


Q 


(b) As a consequence of part (a), f(x) = lim F,(x), 
where gom 


M 1 l sin a(x + 1) — sin a(x — 1) PN 
T 


Q 


Show that the last integral can be written as 
loo : 
F(x) = —[Si(b(x + 1)) — Si(b(x — D]. 
T 


where Si(x) is the sine integral function. See 
Problem 49 in Exercises 2.3. 


(c) Use a CAS and the sine integral form of F(x) in 
part (b) to obtain the graphs on the interval [—3, 3] 
for b = 4, 6, and 15. Then graph F;(x) for larger 
values of b > 0. 
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14.4 FOURIER TRANSFORMS 


REVIEW MATERIAL 
e Definition 14.3.2 
e Equations (19) and (20) in Section 14.3 


INTRODUCTION So far in this text we have studied and used only one integral transform: the 
Laplace transform. But in Section 14.3 we saw that the Fourier integral had three alternative forms: 
the cosine integral, the sine integral, and the complex or exponential form. In the present section we 
shall take these three forms of the Fourier integral and develop them into three new integral trans- 
forms, not surprisingly called Fourier transforms. In addition, we shall expand on the concept of 
a transform pair, that is, an integral transform and its inverse. We shall also see that the inverse of an 
integral transform is itself another integral transform. 


TRANSFORM PAIRS The Laplace transform F(s) of a function f(‘) is defined by 
an integral, but up to now we have been using the symbolic representation 
f = L '(F(s)) to denote the inverse Laplace transform of F(s). Actually, the 
inverse Laplace transform is also an integral transform. 

If Z(f()) = foe” f(t) dt = F(s), then the inverse Laplace transform is 


1 yt ic 
L7'{F(s)} = zl. e" F(s) ds = f(t). 


The last integral is called a contour integral; its evaluation requires the use of com- 
plex variables and is beyond the scope of this text. The point here is this: Integral 
transforms appear in transform pairs. If f(x) is transformed into F(o) by an 
integral transform 


b 
F(a) = f SQx)K(a, x) dx, 
then the function f can be recovered by another integral transform 
d 
f(x) = f F(a)H(a, x) da, 


called the inverse transform. The functions K and H in the integrands are called 
the kernels of their respective transforms. We identify K(s, f) = e *' as the kernel 
of the Laplace transform and H(s, t) = e*/2zi as the kernel of the inverse Laplace 
transform. 


FOURIER TRANSFORM PAIRS The Fourier integral is the source of three new 
integral transforms. From (20)-(19), (11)-(10), and (9)-(8) of Section 14.3 we are 
prompted to define the following Fourier transform pairs. 


DEFINITION 14.4.1 Fourier Transform Pairs 


(i) Fourier Ff} = ie f(x)el dx = F(a) (1) 


transform: 


Js *" 
Inverse Fourier g-!(F(a)) = i| F(a)e-'** da = f(x) (2) 
transform: Ec" 
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(ii) Fourier sine PAIS = [100 sin ax dx = F(a) (3) 
transform: E 


2 oo 
Inverse Fourier Se (F(a)) = — Í F(a) sin ax da = f(x) (4) 
sine transform: Ho 


(iii) Fourier cosine FAFO} = f YO) cos ax dx = F(a) (S) 
transform: 4 


2 [e.e] 
ee Romer Z UD = a F(a) cos ax da = f(x) (6) 
cosine transform: 7 Jo 


EXISTENCE The conditions under which (1), (3), and (5) exist are more stringent 
than those for the Laplace transform. For example, you should verify that #{1}, 
F{1}, and (1) do not exist. Sufficient conditions for existence are that f be 
absolutely integrable on the appropriate interval and that f and f' be piecewise con- 
tinuous on every finite interval. 


OPERATIONAL PROPERTIES Since our immediate goal is to apply these new 
transforms to boundary-value problems, we need to examine the transforms of 
derivatives. 


FOURIER TRANSFORM Suppose that f is continuous and absolutely integrable 
on the interval (—%, o») and f’ is piecewise continuous on every finite interval. If 
f(x) > 0 as x — +, then integration by parts gives 


FIO) = sel dx 


= f(x) el Ws ia f. fœ ei dx 


= iaf fwe™ dx, 
that is, S (f'G)) = —ia F(a). (7) 


Similarly, under the added assumptions that f' is continuous on (—%, ©), f"(x) 
is piecewise continuous on every finite interval and f'(x) — 0 as x — +~, we have 


FUO = Cia V (fG)) = —a°F(a). (8) 
It is important to be aware that the sine and cosine transforms are not suitable for 


transforming the first derivative (or, for that matter, any derivative of odd order). It is 
readily shown that 


FAP CO} = aF Af and FAF’) = aF {f} — fO). 


The difficulty is apparent; the transform of f'(x) is not expressed in terms of the orig- 
inal integral transform. 


FOURIER SINE TRANSFORM Suppose that f and f' are continuous, f is 
absolutely integrable on the interval [0, œ), and f” is piecewise continuous on every 
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m Remember this 
when working 
Exercises 14.4. 


finite interval. If f— 0 and f’ — 0 as x — co, then 


So) = i f "(x) sin ox dx 


— «| f'(x) cos ax dx 
0 0 


— f'(x) sin ax 


= al fo COS ax g +a [rw sin ax ax| 
0 0 


= af) — a? Lf). 
that is, S Uf"(x)) = —o?F(a) + af(0). (9) 


FOURIER COSINE TRANSFORM Under the same assumptions that lead to (9) 
we find the Fourier cosine transform of f"(x) to be 


S" 09) = -o?F(o) — f'O). (10) 


A natural question is "How do we know which transform to use on a given 
boundary-value problem?" Clearly, to use a Fourier transform, the domain of the 
variable to be eliminated must be (— o, ~). To utilize a sine or cosine transform, the 
domain of at least one of the variables in the problem must be [0, o»). But the deter- 
mining factor in choosing between the sine transform and the cosine transform is the 
type of boundary condition specified at zero. 

In the examples that follow, we shall assume without further mention that both u 
and du/dx (or du/dy) approach zero as x — +æ. This is not a major restriction, 
since these conditions hold in most applications. 


I EXAMPLE 1 Using the Fourier Transform 


. Ou ðu . 
Solve the heat equation k ae = p —æ < x < %, t > 0, subject to 
"m 
wfo, where fey = PIS! 
u(x, 0) = f(x), where x) = 
0 |x| >1. 
SOLUTION The problem can be interpreted as finding the temperature u(x, f) in an 
infinite rod. Because the domain of x is the infinite interval (—%, ©), we use the 
Fourier transform (1) and define 


oo 


Flux, t)) = u(x, He dx = U(a, t). 


If we transform the partial differential equation and use (8), 


dU dU 
yields —ka?U(a, t) = FA Or E + ko?U(a, f) = 0. 


Solving the last equation gives U(a, f) = ce ^**. Now the transform of the initial 
condition is 


1 ia ei 


F{u(x, 0)) = li foe dx = l up el dx = ug 


= ia 
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sin o " : m . 
. Applying this condition to the solution 
a 


This result is the same as U(a, 0) = 2up 
U(a, f) gives U(a, 0) = c = (2uọ sin a)/a, so 


sino, 
U(a, t) = 2ug e 
a 


It then follows from the inversion integral (2) that 


TA 

Ug sna ,., ,.. 

u(x, t) = | — — e kate iax quy, 
TJ. Ü 


The last expression can be simplified somewhat by using Euler’s formula 


e '* = cos ax — i sin ax and noting that 


BE 
sina ,.. 
Í e sin ax da = 0, 
cu. d 


since the integrand is an odd function of o. Hence we finally have 


ug |^ sina cos ax 3 
u(x, t) = Ji eelda: (1) E 
m JJ a 


It is left to the reader to show that the solution (11) can be expressed in terms of 
the error function. See Problem 23 in Exercises 14.4. 


| EXAMPLE 2 Using the Cosine Transform 


The steady-state temperature in a semi-infinite plate is determined from 
u 
— t —20, 0cxc«m, y>O 


u(0, y) 20, u(my-e?, y>0 
ðu 


=0, O<x< T. 
dy ly=0 


Solve for u(x, y). 


SOLUTION The domain of the variable y and the prescribed condition at y = 0 in- 
dicate that the Fourier cosine transform is suitable for the problem. We define 


oo 


Se lu(x, y)} = Í u(x, y) cos ay dy = U(x, o). 


9? 9? 
In view of (10), Fo — + &, = = F0} 
Ox oy 
d?U d?U 
becomes —, — a?U(x, o) — u,(x,0) = 0 Or —7 — a?U — 0. 
dx? : dx? 


Since the domain of x is a finite interval, we choose to write the solution of the 
ordinary differential equation as 


U(x, a) = c,cosh ax + c sinh ax. (12) 


Now ¥,{u(0, y)} = F40} and #.{u(a, y)} = 9 (e) are in turn equivalent to 


= d = ; 
U(0, a) = 0 an U(r, a) 1 
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When we apply these latter conditions, the solution (12) gives c; =0 and 
c» = 1/[(1 + o?) sinh ar]. Therefore 


so from (6) we arrive at 


Paca) sinh ax 
X, = " , 
" (1 + a?) sinh az 
2 sinh ax 
u(x, y) = cos ay da. (13) E 


T Jo (1 + a?) sinh ar 


Had u(x, 0) been given in Example 2 rather than u(x, 0), then the sine transform 
would have been appropriate. 


| EXERCISES 14.4 


Answers to selected odd-numbered problems begin on page ANS-24. 


In Problems 1—21 use the Fourier integral transforms of this 
section to solve the given boundary-value problem. Make as- 
sumptions about boundedness where necessary. 


. Use the result Í 


u ðu 
—-—, —e«x«o, t»0 
ox! at 
u(x, 0) =e Hl, —œ < x<% 
ou ðu 
—=— —e«x«o, t>0 
Ox ot 
0, x< =] 
100, -1«x«0 
u(x, 0) = T 
100 0<x< 1 
0, x1 


. Find the temperature u(x, f) in a semi-infinite rod if 


u(0, t) = uo, t > 0 and u(x, 0) = 0, x > 0. 


* sin ax 


T 
da = ae > 0, to show that 
0 


the solution of Problem 3 can be written as 


2u 
u(x, t) = ug — — 
T JO Qa 


"D 
sinax  ,, 
——— e et da. 


. Find the temperature u(x, t) in a semi-infinite rod if 


u(0, t) = 0, t > 0, and 


1, 0<x<1 


w=) RM 


. Solve Problem 3 if the condition at the left boundary is 


ðu 


= —A, 
Ox 


x=0 


t> 0, 


where A is a constant. 


10. 


11. 


12. 


13. 


14. 


. Solve Problem 5 if the end x = 0 is insulated. 


. Find the temperature u(x, t) in a semi-infinite rod if 


u(0, t) = 1,t > 0, and u(x, 0) =e , x0. 


ðu 
u(x, 0) = f(x), ala g(x), < x<% 


(b) If g(x) = 0, show that the solution of part (a) can be 
written as u(x, f) = [f(x + at) + f(x — að), 


Find the displacement u(x, t) of a semi-infinite string if 


u(0, t) = 0, t>0 
ð 

u(x, 0) = xe *, = =0, x>0 
Ot |t=0 


Solve the problem in Example 2 if the boundary condi- 
tions at x = 0 and x = v are reversed: u(0, y) = e”, 
u(m, y) = 0, y > 0. 


Solve the problem in Example 2 if the boundary condi- 
tion at y = O is u(x, 0) = 1,0 € x € v. 


Find the steady-state temperature u(x, y) in a plate 
defined by x = 0, y = 0 if the boundary x = 0 is insu- 
lated and, at y — 0, 


50, O<x<1l 
w= [à — 


Solve Problem 13 if the boundary condition at x = 0 is 
u(0, y) = 0, y > 0. 


eu gu 
15. [+z = 0, x20, O0O<y<2 
ox oy 
u(0,y) 20, 0<y<2 
u(x, 0) = f(x), u(x,2) 20, x>0 
9? 9? 
16. = += -0, 0cx«m y»0 
ox oy 
ðu 
u(0,y) = f(y), = =0, y>0 
OX Ix m 
ðu 
— =0, 0<x<7 
dy ly=0 


In Problems 17 and 18 find the steady-state temperature in the 
plate given in the figure. [Hint: One way of proceeding is to 
express Problems 17 and 18 as two- and three-boundary-value 
problems, respectively. Use the superposition principle. See 
Section 12.5.] 


17. y 


u=e~* x 


FIGURE 14.4.1 Plate in Problem 17 


18. P 
u=0. 
PILAM 
{ 
w= 100 ` —À 


u= f(x) 
FIGURE 14.4.2 Plate in Problem 18 


19. Use the result (e^ ^») = 2V mpe’ to solve the 
boundary-value problem 


ou ðu 
— = —, -—~<x< nm, t>0 
Ox Ot 

u(x,0) =e, —o«x«o. 


20. If F{f(x)} = F(a) and *(g(x)) = Gla), then the 
convolution theorem for the Fourier transform is 
given by 


f(g — ndr = $^ '{F(a)G(a)}. 
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Use this result and F (e^ ^») = 2 V/zrpe-""* to show 
that a solution of the boundary-value problem 


eu ou 
Gm ap —o-x«o t0 
Ox Ot 
u(x, 0) = f(x), —% < x< œ% 
is u(x, t) = l f. f(De-€- Wit dr. 
OM kart J-z 


21. Use the transform 4 (e ^") given in Problem 19 to 
find the steady-state temperature in the infinite strip 
shown in Figure 14.4.3. 


Insulated 


FIGURE 14.4.3 Infinite strip in Problem 21 


22. The solution of Problem 14 can be integrated. Use 
entries 42 and 43 of the table in Appendix III to show 
that 


100 x 1 x+1 1 x 
u(x, y) = — | arctan - — — arctan — — arctan 
0 m y 2 2 


23. Use the solution given in Problem 20 to rewrite the so- 
lution of Example 1 in an alternative integral form. 
Then use the change of variables v = (x — 7) /2 Vkt 
and the results of Problem 9 in Exercises 14.1 to show 
that the solution of Example 1 can be expressed as 


-2| (4) (I jJ 
u(x, t) > er 2VÉ er aal) 


Computer Lab Assignments 


24. Assume that up = 100 and k = 1 in the solution in 
Problem 23. Use a CAS to graph u(x, t) over the rectan- 
gular region defined by —4 S x S 4, 0 S t < 6. Use 
a 2D plot to superimpose the graphs of u(x, t) for 
t = 0.05, 0.125, 0.5, 1, 2, 4, 6, and 15 on the interval 
[—4,4]. Use the graphs to conjecture the values 
of lim,—.. u(x, t) and lim,_... u(x, t). Then prove these 
results analytically using the properties of erf(x). 
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| C H A PT E R 1 4 | N R EVI EW Answers to selected odd-numbered problems begin on page ANS-24. 
In Problems 1-16 solve the given boundary-value problem u Ou 
by an appropriate integral transform. Make assumptions 9. ae us ay? =0, x>0, y>0 
about boundedness where necessary. D Quee 
u(0, y) = 
u gu 0, yl 
hosp BUR Se 100, 0<x<1 
u(x, 0) = 
ðu 0, x1 
m =0, 0<y<q7 
Ox |x=0 ou ðu 
3 1 a! oe O0Ocx-«l, tr>0 
u 
u(x,0)=0, —| =e, x>0 ii 
oy y-m ðu 
a —0, u(l,ġ=0, t>0 
u ðu Ox i-o 
4 i7 0cxc«l, r0 u(x,0 20, 0<x<1 
= = 92 9? 
u(0,f) — 0, u(l,t) —0, 1>0 11, 2 52-0, x>0, 0c«y«m 
u(x,0) = S0sin2zx, O<x<1 d 0Y 
u(0,y =A, O<y< T 
du T ðu ðu 
Ag ac h>0, x>0, t>0 TH =0, = =Be*, x>0 
" dy ly=0 Oy ly=a 
et ne ic Geese eu 
i LY ap x , 
u(x, 0) =u, x0 ox? ot 
e od u(0,f) = uo, u(l,t) =u, t0 
4T aga eh —e«x«o, r0 u(x,0)=0, 0<x<1 
x 
u(x,0)=0, =% < x<% [Hint: Use the identity 
Žu d sinh (x — y) = sinh x cosh y — cosh x sinh y, 
5. axe = P x20, t>0 and then use Problem 6 in Exercises 14.1.] 
— i = 2 
u(0, t) = t, lim u(x,t) = 0 13. RT = M —o«x«o t»0 
: x^ t 
u(x,0) =0, x > 0 [Hint: Use Theorem 7.4.2.] M 0, xxt id 
u & "eue des. x 
6 — =, 02221, re poe eee 
Ox* of? 32 
u ou 
u(0,f) 2-0, u(1,) 20, t>0 op x>0, t>0 
— a ðu TE ðu 
u(x, 0) = sin 7x, ET _ = —Sin TX, 0<x<1 kiti = —50, lim u(x, = 100, t>0 
t=0 OX |x=0 X0 
Ou au u(x,0) = 100, x0 
7. Ed 3r —o-cx«o t0 du àu 
PUN 15. k=, x>0, t>0 
0 x< 0 Ox ot 
u(x, 0) = Juo O<x< T ou NEA 
0, dieu Ox |x=0 i 
u(x,0) =e*, x0 
8 9u 4 ou =0, 0<x<m, y>0 16. Show that a solution of the BVP 
"ox ay? f ' fu, Mu _ re Sree 
0, 0 < y <= 1 ox? ay? 2 x , y 
c = = —00 oo 
0, y>2 ay |y=0 , U(x, 1) = f@), x 
9 Zo O<x< r is way =4] | gj Oe ia: 
dy ly=o T Jo J—x cosh a 


NUMERICAL SOLUTIONS OF 


PARTIAL DIFFERENTIAL EQUATIONS 


15.1 Laplace’s Equation 
15.2 Heat Equation 

15.3 Wave Equation 
CHAPTER 15 IN REVIEW 


In Section 9.5 we saw that one way of approximating a solution of a second-order 
boundary-value problem was to work with a finite difference equation replacement 
of the ordinary differential equation. The difference equation was constructed by 
replacing the ordinary derivatives d?y /dx? and dy/dx by difference quotients. The 
same idea carries over to BVPs involving partial differential equations. In the 
succeeding sections of this chapter we will form a difference equation replacement 
for Laplace’s equation, the heat equation, and the wave equation by replacing the 


partial derivatives 0?u/0x?, 02u/8y?, 0°u/dt, and du/dt by difference quotients. 
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15.1 


LAPLACE’S EQUATION 


REVIEW MATERIAL 
e Section 9.5, 12.1, 12.2, and 12.5 


INTRODUCTION In Section 12.1 we saw that linear second-order PDEs in two independent 
variables are classified as elliptic, parabolic, and hyperbolic. Roughly, elliptic PDEs involve partial 
derivatives with respect to spatial variables only, and as a consequence solutions of such equations 
are determined by boundary conditions alone. Parabolic and hyperbolic equations involve partial de- 
rivatives with respect to both spatial and time variables, so solutions of such equations generally are 
determined from boundary and initial conditions. A solution of an elliptic PDE (such as Laplace’s 
equation) can describe a physical system whose state is in equilibrium (steady-state); a solution of a 
parabolic PDE (such as the heat equation) can describe a diffusional state, whereas a hyperbolic 
PDE (such as the wave equation) can describe a vibrational state. 

In this section we begin our discussion with approximation methods that are appropriate for 
elliptic equations. Our focus will be on the simplest but probably the most important PDE of the 
elliptic type: Laplace’s equation. 


DIFFERENCE EQUATION REPLACEMENT Suppose that we are seeking a solu- 


tion u(x, y) of Laplace’s equation 


in a planar region R that is bounded by some curve C. See Figure 15.1.1. Analogous 


to (6) of Section 9.5, by using the central differences 


u(x + h,y) — 2u(x, y) + u(x —h,y) and u(x, y + h) — 2uG y) + u(x, y — h), 


FIGURE 15.1.1 Planar region R 


with boundary C 


> 
x 


the difference quotients 


u 1 
ad mic + h, y) — 2u(x, y) + u(x — h, y)] 
8u 1 
oy e ji Urs y + h) — 2u(x, y) + u(x, y — h)]. 


By adding (2) and (3), we obtain a five-point approximation to the Laplacian: 
u Ou 1 
ag + ay? = plum + h, y) + u(x, y + h) + u(x — h, y) + u(x, y — h) — 4u(x, y)]. 
Hence we can replace Laplace’s equation (1) by the difference equation 
u(x + h,y) + ux, y + h) + u(x — h, y) + u(x, y — h) — 4u(x, y) = 0. 
If we adopt the notation u(x, y) = u;; and 
u(x + h, y) = Ui+1, j u(x,y + h) = Ui. jl 
u(x — h, y) = Uj-|, js u(x, y — h) = Ui. j-1> 
then (4) becomes 


F 


izi j T Up jer t heh Au; = 0. 


i-1,j 


approximations for the second partial derivatives u,, and uyy can be obtained using 


(a) 


H— h—4 


> 
h 2h 3h 4h 5h 6h x 


Pi 


(b) 


FIGURE 15.1.2 Region R overlaid 


with rectangular grid 


YA 


vo|oo |æ 


FIGURE 15.1.3 Square region R 


for Example 1 
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To understand (5) a little better, suppose a rectangular grid consisting of horizontal 
lines spaced h units apart and vertical lines spaced h units apart is placed over the 
region R. The number h is called the mesh size. See Figure 15.1.2(a). The points 
Pi; = P(ih, jh), where i and j are integers, of intersection of the horizontal and ver- 
tical lines, are called mesh points or lattice points. A mesh point is an interior 
point if its four nearest neighboring mesh points are points of R. Points in R or 
on C that are not interior points are called boundary points. For example, in 
Figure 15.1.2(a) we have 


Py) = P(2h, 0), Py = P(h, h), P3, = P(2h, h), P5, = P(2h, 2h), 


and so on. Of the points just listed, P2; and P22 are interior points, whereas P29 and 
Pı; are boundary points. In Figure 15.1.2(a) interior points are the dots shown in 
red, and the boundary points are shown in black. Now from (5) we see that 


1 
ij — ipte uL is (6) 
so, as can be seen in Figure 15.1.2(b), the value uj; at an interior mesh point of R is 
the average of the values of u at four neighboring mesh points. The neighboring 
points P;+1, j, Pj, ;+1, Pj- 1, j and P; j-. correspond to the four points on the compass 
E, N, W, and S, respectively. 


DIRICHLET PROBLEM Recall that in the Dirichet problem for Laplace's equa- 
tion V?u = 0 the values of u(x, y) are prescribed on the boundary of a region R. The 
basic idea is to find an approximate solution to Laplace's equation at interior mesh 
points by replacing the partial differential equation at these points by the difference 
equation (5). Hence the approximate values of u at the mesh points — namely, the 
u;j— are related to each other and possibly to known values of u if a mesh point lies 
on the boundary. In this manner we obtain a system of linear algebraic equations that 
we solve for the unknown uj;. The following example illustrates the method for a 
square region. 


| EXAMPLE 1 A BVP Revisited 


In Problem 16 of Exercises 12.5 you were asked to solve the boundary-value problem 
— +- =0, 0<x<2, 0<y<2 


u(0,y) =0, u2,y)=y2—-y), 0<y<2 


i 0<x<1 

u(x, 0) = 0, u(x, 2) = 

=k l-x€2 

utilizing the superposition principle. To apply the present numerical method, let us 
start with a mesh size of h = Z, As we see in Figure 15.1.3, that choice yields 
four interior points and eight boundary points. The numbers listed next to the bound- 
ary points are the exact values of u obtained from the specified condition along that 
boundary. For example, at P4, = P(3h, h) = P(2, 2) we have x — 2 and y — 2, and so 
the condition u(2, y) gives u(2, 3) = $(2 — }) = $. Similarly, at Pj4 = PĠ, 2) the 
condition u(x, 2) gives ul, 2) = Z, We now apply (5) at each interior point. For 
example, at P;; we have i = 1 andj = 1, so (5) becomes 


Ux, + uj, + ug, + Ujo — Aug, = O. 
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FIGURE 15.1.4 Region R 
in Example 1 with additional 
mesh points 


7 
= — = 0.1944, = 
“i ag 12 36 


Since up, = u(0, 2 = 0 and uy = ul, 0) = 0, the foregoing equation becomes 
—4u;; + u21 + uj? = 0. Repeating this, in turn, at P21, Pi2, and P22 we get three 
additional equations: 


—4u + Uy + up =0 
— 4u + =-3 
Uy U»i Uu» 9 7 
=4 3E -—P 7) 
Uy, U1» Uu» 3 
EE" 
uy + up — duy = 79 


Using a computer algebra system to solve the system, we find the approximate val- 
ues at the four interior points to be 


13 


5 
— = 04167, up == = 0.3611, 


Uz) = 


7 
Un = 12 — 0.5833. E 


As in the discussion of ordinary differential equations, we expect that a 
smaller value of / will improve the accuracy of the approximation. However, using 
a smaller mesh size means, of course, that there are more interior mesh points, and 
correspondingly there is a much larger system of equations to be solved. For a 
square region whose length of side is L, a mesh size of h = L/n will yield a total 
of (n — 1)? interior mesh points. In Example 1, for n — 8 the mesh size is a reason- 
able h = i = L but the number of interior points is (8 — 1)? = 49. Thus we have 
49 equations in 49 unknowns. In the next example we use a mesh size of h = i 


[ EXAMPLE 2 Example 1 with More Mesh Points 


As we see in Figure 15.1.4, with n = 4 a mesh size h = : - : for the square in 


Example 1 gives 3? — 9 interior mesh points. Applying (5) at these points and using 
the indicated boundary conditions, we get nine equations in nine unknowns. So that 
you can verify the results, we give the system in an unsimplified form: 


+ 


0+ 0 — 4u,, =0 
0 — 4u,, = 0 
Un, + O — 4u3,; = 0 


uj, + O -— 4u,. = 0 


Ui Uu» 


uy + 


uj, + Un, — 4u = 0 (8) 
H5, + Uz, — 4uz = 0 


0 + up — 4uz = 0 


Uiz + Un — 4u = 0 


$3 
+ 
> 
+ + + + + + + 4+ 


Hy, + Uz — Aus, = O. 


In this case a CAS yields 


7 51 177 
uy, = 64 = 0.1094, uz, = 224 = 0.2277, U3) = 448 = 0.3951 
47 13 135 
up = 224 — 0.2098, Un = 32 — 0.4063, Hua, = 224 — 0.6027 
145 131 39 
uj. = 448 — 0.3237, uy, = 224 — 0.5848, U33 = 64 = 0.6094. a 
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After we simplify (8), it is interesting to note that the 9 X 9 matrix of coefficients is 


m E e E e E e E Ie E o Oo 


oo-o-Lroo- 
| 
Orornhe OHO 


(9) 


| 
Á"Ooorcoceocoo 
| 


On. Rè coc—ocoo 


coooocorors 
cooocoorocorfe 
ePhrOrF COCO 
| 

.—c—cocococcococo 


This is an example of a sparse matrix in that a large percentage of the entries are 
zeros. The matrix (9) is also an example of a banded matrix. These kinds of matri- 
ces are characterized by the properties that the entries on the main diagonal and on 
diagonals (or bands) parallel to the main diagonal are all nonzero. 


GAUSS-SEIDEL ITERATION Problems that require approximations to solutions of 
partial differential equations invariably lead to large systems of linear algebraic equa- 
tions. It is not uncommon to have to solve systems involving hundreds of equations. 
Although a direct method of solution such as Gaussian elimination leaves unchanged 
the zero entries outside the bands in a matrix such as (9), it does fill in the positions 
between the bands with nonzeros. Since storing very large matrices uses up a large 
portion of computer memory, it is usual practice to solve a large system in an indirect 
manner. One popular indirect method is called Gauss-Seidel iteration. 

We shall illustrate this method for the system in (7). For the sake of simplicity 
we replace the double-subscripted variables u11, u21, u12, and u22 by x1, x», x3, and x4, 
respectively. 


| EXAMPLE 3 Gauss-Seidel Iteration 


Step 1: Solve each equation for the variables on the main diagonal of the system. 
That is, in (7) solve the first equation for x;, the second equation for x2, and so on: 


x = 0.25x, + 0.25x, 
x, = 0.25x, + 0.25x, + 0.2222 
x, = 0.25x, + 0.25x, + 0.1667 "m 
PES 0.25x; + 0.25x, + 0.3889. 


These equations can be obtained directly by using (6) rather than (5) at the interior 
points. 


Step 2: Iterations. We start by making an initial guess for the values of x1, x2, x3, 
and x4. If this were simply a system of linear equations and we knew nothing 
about the solution, we could start with x; = 0, x. = 0, x3 = 0, x4 = 0. But since 
the solution of (10) represents approximations to a solution of a boundary-value 
problem, it would seem reasonable to use as the initial guess for the values of 
X| = Uy, X2 = U21, X3 = U12, and x4 = un the average of all the boundary condi- 
tions. In this case the average of the numbers at the eight boundary points shown in 
Figure 15.1.3 is approximately 0.4. Thus our initial guess is x, = 0.4, x2 = 0.4, 
x3 = 0.4, and x4 = 0.4. Iterations of the Gauss-Seidel method use the x values as 
soon as they are computed. Note that the first equation in (10) depends only on x2 
and x3; thus substituting x2 = 0.4 and x3 = 0.4 gives x; = 0.2. Since the second and 
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100 100 100 ^ 
FIGURE 15.1.5 Rectangular region R 


third equations depend on x, and x4, we use the newly calculated values x; = 0.2 
and x4 = 0.4 to obtain x2 = 0.3722 and x3 = 0.3167. The fourth equation depends 
on x2 and x3, so we use the new values x2 = 0.3722 and x3 = 0.3167 to get 
x4 = 0.5611. In summary, the first iteration has given the values 


x 202, x, = 0.3722, x, = 0.3167, x, = 0.5611. 


Note how close these numbers are already to the actual values given at the end of 
Example 1. 

The second iteration starts with substituting x5» = 0.3722 and x3 = 0.3167 into 
the first equation. This gives x, = 0.1722. From x, = 0.1722 and the last computed 
value of x4 (namely, x4 = 0.5611), the second and third equations give, in turn, 
x2 = 0.4055 and x3 = 0.3500. Using these two values, we find from the fourth equa- 
tion that x4 = 0.5678. At the end of the second iteration we have 


x, = 0.1722, x, = 04055, x, = 0.3500, x, = 0.5678. 


The third through seventh iterations are summarized in Table 15.1. 


TABLE 15.1 
Tteration 3rd 4th Sth 6th 7th 
XI 0.1889 0.1931 0.1941 0.1944 0.1944 
X2 0.4139 0.4160 0.4165 0.4166 0.4166 
X3 0.3584 0.3605 0.3610 0.3611 0.3611 
X4 0.5820 0.5830 0.5833 0.5833 0.5833 


NOTE To apply Gauss-Seidel iteration to a general system of n linear equations in 
n unknowns, the variable x; must actually appear in the ith equation of the system. 
Moreover, after each equation is solved for x;, i = 1, 2, ... , n, the resulting system 
has the form X = AX + B, where all the entries on the main diagonal of A are zero. 


l REMARKS 


(i) In the examples given in this section the values of u;; were determined by 
using known values of u at boundary points. But what do we do if the region is 
such that boundary points do not coincide with the actual boundary C of the 
region R? In this case the required values can be obtained by interpolation. 


(ii) It is sometimes possible to cut down the number of equations to solve by 
using symmetry. Consider the rectangular region 0 = x = 2, 0 = y = 1, shown 
in Figure 15.1.5. The boundary conditions are u = 0 along the boundaries 
x = 0, x = 2, y = 1, and u = 100 along y = 0. The region is symmetric about 
the lines x = 1 and y = L and the interior points P;; and P3, are equidistant 
from the neighboring boundary points at which the specified values of u are the 
same. Consequently, we assume that uj, = u31, so the system of three equations 
in three unknowns reduces to two equations in two unknowns. See Problem 2 in 
Exercises 15.1. 


(iii) In the context of approximating a solution to Laplace's equation the iteration 
technique illustrated in Example 3 is often referred to as Liebman's method. 


(iv) Although it may not be noticeable on a computer, convergence of Gauss- 
Seidel iteration, or Liebman's method, might not be particularly fast. Also, in 
a more general setting, Gauss-Seidel iteration might not converge at all. For 
conditions that are sufficient to guarantee convergence of Gauss-Seidel itera- 
tion, you are encouraged to consult texts on numerical analysis. 
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EXERCISES 15.1 


Answers to selected odd-numbered problems begin on page ANS-24. 


In Problems 1-8 use a computer as a computation aid. 


In Problems 1-4 use (5) to approximate the solution of 
Laplace's equation at the interior points of the given region. 
Use symmetry when possible. 


1. 4(0L1) =0, u(3,y) = y2 — y) 
u(x,0) —-0, u(x,2) = x3 — x), 
mesh size: h — 1 


0cyc2a 
0<x<3 


2. u(0, y) = 0, 
u(x, 0) = 100, 
mesh size: h = 1 


u(2,y 0, O<y<l 
u(x, 1) 20, 0cx«2 


3. u(0,y)=0, u(1,y) 0, O<y<1 
u(x,0)=0, u(xXl)—sizx 0<x<1 
mesh size: h = 3 


4. u(0, y) = 108y?(1 — y), ud,y)=0, 0<y<1 
u(x, 0)=0, u@,1)=0, 0<x<1 
mesh size: h = 1 


In Problems 5 and 6 use (6) and Gauss-Seidel iteration to 
approximate the solution of Laplace's equation at the inte- 
rior points of a unit square. Use the mesh size h = i In 
Problem 5 the boundary conditions are given; in Problem 6 
the values of u at boundary points are given in Figure 15.1.6. 


5. u(0, y) =0, u(1,y) = 1005, O<y<1 
u(x,0)=0, u(x, 1) = 100x, O<x<1 
6. Ya 
10 20 40 
++ 
Pj Po3 Pag 
20 ¢—_¢—_4—_4—# 70 
Pj Po Po 
40 4—$49—$—* — 60 
Pj Py Pay 
20 50 
10 20 30 » 


FIGURE 15.1.6 Region for Problem 6 


7. (a) In Problem 12 of Exercises 12.6 you solved a 
potential problem using a special form of Poisson's 


. 9u 8u . 
equation —5 + —5 = f(x, y). Show that the differ- 
Ox oy 
ence equation replacement for Poisson’s equation is 


Hii, j + Ui jer + Hop; + U j-i T Au = hf (x, y). 
(b) Use the result in part (a) to approximate the solution 
. . fu | 9u i 
of the Poisson equation —; + —; = —2 at the inte- 
ox” oy 


rior points of the region in Figure 15.1.7. The mesh 
size ish = 1, u — latevery point along ABCD, and 
u = 0 at every point along DEFGA. Use symmetry 
and, if necessary, Gauss-Seidel iteration. 


Ya 
G F 
A 
B 
C 
z 
D Ex 


FIGURE 15.1.7 Region for Problem 7 


8. Use the result in part (a) of Problem 7 to approximate 
the solution of the Poisson equation 
Ou gu 
za Ra 64 
Ox oy" 


at the interior points of the region in Figure 15.1.8. The 
mesh size ish = d andu — Oatevery point on the bound- 
ary of the region. If necessary, use Gauss-Seidel iteration. 


YA 


= 
x 


FIGURE 15.1.8 Region for Problem 8 


15.2 


HEAT EQUATION 


REVIEW MATERIAL 


e Sections 9.5, 12.1, 12.2, 12.3, and 15.1 


INTRODUCTION The basic idea in the discussion that follows is the same as in Section 15.1: 
We approximate a solution of a PDE—this time a parabolic PDE— by replacing the equation with a 
finite difference equation. But unlike the preceding section we shall consider two finite-difference 
approximation methods for parabolic partial differential equations: one called an explicit method 
and the other called an implicit method. 

For the sake of definiteness we consider only the one-dimensional heat equation. 
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NUMERICAL SOLUTIONS OF PARTIAL DIFFERENTIAL EQUATIONS 


DIFFERENCE EQUATION REPLACEMENT To approximate a solution u(x, f) of 
the one-dimensional heat equation 
Ou du 
dr s x (1) 
we again replace each derivative by a difference quotient. By using the central 
difference approximation (2) of Section 15.1, 
ru 1 
2 = RP [u(x + h, t) — 2u(x, t) + u(x — h, À] 
and the forward difference approximation (3) of Section 9.5, 
pe = Tui t + h) — u(x, 0)] 
ot h 


equation (1) becomes 


PIE + h, t) — 2u(x, t) + ux -h,t)] = UE +t k) — u(x, t)]. (2) 


If we let A = ck/h? and 


u(x,t) = uj, u(x + hf) = Uii, j ua — hf) ui; uo t + k) = t; j+ 


then, after simplifying, (2) is 
Uj j41 = Alyy; + CL — 2A) uy + Aui (3) 


In the case of the heat equation (1), typical boundary conditions are u(0, f) = u, 
u(a, t) = uz, t > 0, and an initial condition is u(x, 0) = f(x), 0 < x < a. The function f 
can be interpreted as the initial temperature distribution in a homogeneous rod extend- 
ing from x = 0 to x = a; u and wz can be interpreted as constant temperatures at the end- 
points of the rod. Although we shall not prove it, the boundary-value problem consisting 
of (1) and these two boundary conditions and one initial condition has a unique solution 
when f'is continuous on the closed interval [0, a]. This latter condition will be assumed, 
and so we replace the initial condition by u(x, 0) = f(x), 0 = x = a. Moreover, instead 
of working with the semi-infinite region in the xf-plane defined by the inequalities 
0 =x =a,t= 0, we use a rectangular region defined by O = x = a, 0 t = T, where T 
is some specified value of time. Over this region we place a rectangular grid consisting 
of vertical lines h units apart and horizontal lines k units apart. See Figure 15.2.1. If we 
choose two positive integers n and m and define 


a 
h=- and k= 
n 


then the vertical and horizontal grid lines are defined by 


x= ih, i=0,1,2,...,n and Sj j=0,1,2,...,m. 


As illustrated in Figure 15.2.2, the plan here is to use formula (3) to estimate the 
values of the solution u(x, t) at the points on the (j + 1)st time line using only values 
from the jth time line. For example, the values on the first time line (j = 1) depend on 
the initial condition u; o = u(x;, 0) = f(x;) given on the zeroth time (j = 0). This kind 
of numerical procedure is called an explicit finite difference method. 


l EXAMPLE 1 Using the Finite Difference Method 


Consider the boundary-value problem 


u ðu 

-= —, O<x<l, 0<1<05 
Ox" ot 

u(002) ^0, ull, ^0, 0zrz-05 
u(x, 0) = sin zx, Ozxc- I. 


TABLE 15.3 
Actual Approx. 
u(0.4, 0.05) = 0.5806 u25 = 0.5758 
u(0.6, 0.06) = 0.5261 u36 = 0.5208 
u(0.2, 0.10) = 0.2191 ui 10 = 0.2154 
u(0.8, 0.14) = 0.1476 u4 14 = 0.1442 
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First we identify c = 1, a = 1, and T = 0.5. If we choose, say, n = 5 and m = 50, 
then k = 1/5 = 0.2, k = 0.5/50 = 0.01, A = 0.25, 


Jl 
xX, = 17, 
5 


Thus (3) becomes 


i=0,1,2,3,4,5, — d) j =0,1,2,..., 50. 


E 
100° 


U; 41 = O25 (eis) H Quy + do). 


By setting j = O in this formula, we get a formula for the approximations to the tem- 
perature u on the first time line: 


uj; = 0.25(ui+10 + 2ujo + uj 9). 
If we then let i = 1,..., 4 in the last equation, we obtain, in turn, 
Uy, = 0.25(u5g + 2ujg + Uoo) 
Uz, = 0.25(U39 + 2u + uio) 
Uz, = 0.25(u49 + 239 + Uy) 
Ug, = 0.25(usg + 2u4g + uso). 
The first equation in this list is interpreted as 
Uy, = 0.25(u(x, 0) + 2u(x;, 0) + u(0, 0)) 
= 0.25(u(0.4, 0) + 2u(0.2, 0) + u(0, 0)). 
From the initial condition u(x, 0) = sin 7x the last line becomes 
uy, = 0.25(0.951056516 + 2(0.587785252) + 0) = 0.531656755. 


This number represents an approximation to the temperature u(0.2, 0.01). 

Since it would require a rather large table of over 200 entries to summarize all 
the approximations over the rectangular grid determined by h and k, we give only se- 
lected values in Table 15.2. 


TABLE 15.2 Explicit Difference Equation Approximation with h = 0.2, 
k — 0.01, A = 0.25 


Time x = 0.20 x = 0.40 x = 0.60 x = 0.80 
0.00 0.5878 0.9511 0.9511 0.5878 
0.10 0.2154 0.3486 0.3486 0.2154 
0.20 0.0790 0.1278 0.1278 0.0790 
0.30 0.0289 0.0468 0.0468 0.0289 
0.40 0.0106 0.0172 0.0172 0.0106 
0.50 0.0039 0.0063 0.0063 0.0039 


You should verify, using the methods of Chapter 12, that an exact solution of the 
boundary-value problem in Example 1 is given by u(x, f) = e^" ‘sin zx. Using this 
solution, we compare in Table 15.3 a sample of actual values with their correspond- 
ing approximations. 


STABILITY These approximations are comparable to the exact values and are 
accurate enough for some purposes. But there is a problem with the foregoing 
method. Recall that a numerical method is unstable if round-off errors or any other 
errors grow too rapidly as the computations proceed. The numerical procedure 
illustrated in Example 1 can exhibit this kind of behavior. It can be proved that the 
procedure is stable if A is less than or equal to 0.5 but unstable otherwise. To obtain 
A = 0.25 x 0.5 in Example 1, we had to choose the value k = 0.01; the necessity of 
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using very small step sizes in the time direction is the principal fault of this method. 
You are urged to work Problem 12 in Exercises 15.2 and witness the predictable 
instability when A — 1. 


CRANK-NICHOLSON METHOD There are implicit finite difference methods 
for solving parabolic partial differential equations. These methods require that we solve 
a system of equations to determine the approximate values of u on the (j + 1)st time 
line. However, implicit methods do not suffer from instability problems. 

The algorithm introduced by J. Crank and P. Nicholson in 1947 is used mostly 
for solving the heat equation. The algorithm consists of replacing the second partial 

9? 0 
derivative in c = Em by an average of two central difference quotients, one 
a 

evaluated at t and the other at t + k: 


[e hy t) — 2uG 0) + ue = hut) | uG thtt & = Quer +b) + ned 

2 h j 
: (4) 
= [luo t+ D ~ us). 


If we again define A = ck/h’, then after rearranging terms, we can write (4) as 
=i pep uud — Huius JL; Bui Tu (5) 


where a=2(1+1/A) and B-2(1—1/A, j=0,1,...,m—1, and 
i=1,2,...,n—1. 

For each choice of j the difference equation (5) for i = 1, 2,..., n — 1 gives 
n — l equations in n — 1 unknowns u; j+1. Because of the prescribed boundary con- 
ditions, the values of u; j+ı are known for i = 0 and for i = n. For example, in the 
case n — 4 the system of equations for determining the approximate values of u on 
the (j + 1)st time line is 


T Uo, j+1 + QU, j+ T Ug j+ = Hj Bu, ; T Uo, j 
TU, j+ + Ou j41 — Us j+1 Z Hj Bu» ; + uj 
=U j+1 T @U3 j+1 T Ug j+ = Hag — Bus; + Uy, j 
or OU, j+ T W j+ =b 
SU j+ T QU 541 — U3 j+ = dy (6) 
Uy, j+1 + OUS j+; = Ds, 
where b, = u, j — Buy j + Uoj + Uo ji 


b, = u; į — Puj + uij 
b = Ug; — Buz j + uj + Ug j+ 


In general, if we use the difference equation (5) to determine values of u on the 
(j + 1)st time line, we need to solve a linear system AX = B, where the coefficient 
matrix A is a tridiagonal matrix, 


a -1 0 0 0 0 
=i @ =l. 0 Q 0 
O i ae =) 0 0 
A=! 0 0-1 a -l 0}, 
0 0 0 0 O0 & o 
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and the entries of the column matrix B are 
b= uj — Buy; Toug + Uo, j+1 
b, = u3 j — Bu» ; + Uy; 


b3 = Ua. j ma Bus; t Up j 


b = Un, j ~ Bu, j + Un-2,j + Un jl 


l EXAMPLE 2 Using the Crank-Nicholson Method 


Use the Crank-Nicholson method to approximate the solution of the boundary-value 
problem 
ðu ðu 
025 —5 >= >; O0<x<2, 0<t<03 
Ox ðt 
u(0,t) 2-0, u(2,ġ =0, 0zftz03 


u(x, 0) = sin mx, 0 SxS 2, 


using n = 8 and m = 30. 


SOLUTION From the identifications a = 2, T = 0.3, h = 1 = 0.25, k = 7 = 0.01, 
and c = 0.25 we get A = 0.04. With the aid of a computer we get the results in Table 15.4. 
As in Example | the entries in this table represent only a selected number from the 210 
approximations over the rectangular grid determined by / and k. 


TABLE 15.4 Crank-Nicholson Method with h = 0.25, k = 0.01, A = 0.25 


Time x = 0.25 x = 0.50 x = 0.75 x = 1.00 x = 1.25 x = 1.50 x= 175 
0.00 0.7071 1.0000 0.7071 0.0000 —0.7071 — 1.0000 —0.7071 
0.05 0.6289 0.8894 0.6289 0.0000 —0.6289 —0.8894 —0.6289 
0.10 0.5594 0.7911 0.5594 0.0000 —0.5594 —0.7911 —0.5594 
0.15 0.4975 0.7036 0.4975 0.0000 —0.4975 —0.7036 —0.4975 
0.20 0.4425 0.6258 0.4425 0.0000 —0.4425 —0.6258 —0.4425 
0.25 0.3936 0.5567 0.3936 0.0000 —0.3936 —0.5567 —0.3936 
0.30 0.3501 0.4951 0.3501 0.0000 —0.3501 —0.4951 —0.3501 = 
TABLE 15.5 Like Example 1, the boundary-value problem in Example 2 possesses an 
H . e —qr)tA . . . . 
Actual Approx: exact solution given by u(x, t) = e sin mx. The sample comparisons listed in 


Table 15.5 show that the absolute errors are of the order 107? or 10 ?. Smaller 
errors can be obtained by decreasing either h or k. 


u(0.75, 0.05) = 0.6250 — us = 0.6289 
u(0.50, 0.20) = 0.6105 u, 99 = 0.6259 
u(0.25, 0.10) = 0.5525 u1, 19 = 0.5594 


EX E RC | S E S 1 5 . 2 Answers to selected odd-numbered problems begin on page ANS-25. 

In Problems 1-12 use a computer as a computation aid. 2. Using the Fourier series solution obtained in Problem 1 of 
Exercises 12.3, with L — 2, one can sum the first 20 terms 

1. Use the difference equation (3) to approximate the solu- to estimate the values for u(0.25, 0.1), u(1, 0.5), and 
tion of the boundary-value problem u(1.5, 0.8) for the solution u(x, t) of Problem 1 above. A 

Ju Ju student wrote a computer program to do this and obtained 
==, O0O<x<2, 0<t<1 the results 4(0.25, 0.1) = 0.3794, u(1, 0.5) = 0.1854, 

ôx ot and u(1.5, 0.8) = 0.0623. Assume that these results are 

4(0,j =0, u2,)20, O=f=1 accurate for all digits given. Compare these values with 


the approximations obtained in Problem 1 above. Find the 
absolute errors in each case. 


3. Solve Problem 1 by the Crank-Nicholson method with 
Use n = 8 and m = 40. n — 8 and m= 40. Use the values for u(0.25, 0.1), 


1, Osx<=1 


wo) -[r TZIIA 
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u(1, 0.5), and u(1.5, 0.8) given in Problem 2 to compute 
the absolute errors. 


. Repeat Problem 1 using n = 8 and m = 20. Use the val- 
ues for u(0.25, 0.1), u(1, 0.5), and u(1.5, 0.8) given in 
Problem 2 to compute the absolute errors. Why are the 
approximations so inaccurate in this case? 


. Solve Problem 1 by the Crank-Nicholson method with 
n — 8 and m= 20. Use the values for u(0.25, 0.1), 
u(1, 0.5), and u(1.5, 0.8) given in Problem 2 to compute 
the absolute errors. Compare the absolute errors with 
those obtained in Problem 4. 


. It was shown in Section 12.2 that if a rod of length L is 
made of a material with thermal conductivity K, specific 
heat y, and density p, the temperature u(x, f) satisfies the 
partial differential equation 


K ðu ðu 
ypox at’ 


O0<x<L. 


Consider the boundary-value problem consisting of the 
foregoing equation and the following conditions: 


u(0, t) = 0, 
u(x, 0) = fœ), 


Use the difference equation (3) in this section with 
n = 10 and m = 10 to approximate the solution of the 
boundary-value problem when 

(a) L = 20, K=0.15, p = 80, y = 0.11, f(x) = 30 
(b) L= 50, K = 0.15, p = 80, y = 0.11, f(x) = 30 
(c) L=20, K=1.10, p = 2.7, y = 0.22, 

f(x) = 0.5x(20 — x) 
(d) L = 100, K = 1.04, p = 10.6, y = 0.06, 


0.8x, 
fa) = A — x, 


. Solve Problem 6 by the Crank-Nicholson method with 
n= 10 and m = 10. 


u(L,t) - 0, O=t= 10 


OSx=L. 


0=x=50 
50 < x = 100 


8. 


11. 


12. 


Repeat Problem 6 if the endpoint temperatures are 
u(0, t) = 0, u(L, t) = 20,0 t = 10. 


. Solve Problem 8 by the Crank-Nicholson method. 
10. 


Consider the boundary-value problem in Example 2. 

Assume that n — 4. 

(a) Find the new value of A. 

(b) Use the Crank-Nicholson difference equation (5) 
to find the system of equations for uj;, u21, and 
43; —that is, the approximate values of u on the 
first time line. [Hint: Set j = 0 in (5) and let i take 
on the values 1, 2, 3.] 

(c) Solve the system of three equations without the aid 
of a computer program. Compare your results with 
the corresponding entries in Table 15.4. 


Consider a rod whose length is L — 20 for which 
K — 1.05, p — 10.6, and y — 0.056. Suppose 


u(0, t) = 20, u(20, t) — 30 


u(x, 0) = 50. 


(a) Use the method outlined in Section 12.6 to find the 
steady-state solution y/(x). 

(b) Usethe Crank-Nicholson method to approximate the 
temperatures u(x, f) for 0S tS Tmax- Select Tmax 
large enough to allow the temperatures to approach 
the steady-state values. Compare the approximations 
for t = Tmax With the values of w(x) found in part (a). 


Use the difference equation (3) to approximate the 
solution of the boundary-value problem 


u ðu 
MT o<x<1, 0<t<1 
Ox ot 
u(0,) =0, u, À 20, 0<t<1 


u(x,0) = sin mx, OSxSl. 


Use n = 5 and m = 25. 


15.3 WAVE EQUATION 


REVIEW MATERIAL 


INTRODUCTION 


e Sections 9.5, 12.1, 12.2, 12.4, and 15.2 


In this section we approximate a solution of the one-dimensional wave 
equation using the finite difference method that we used in the preceding two sections. The one- 
dimensional wave equation is the archetype of a hyperbolic partial differential equation. 


DIFFERENCE EQUATION REPLACEMENT Suppose u(x, f) represents a solution 
of the one-dimensional wave equation 


Fu Fu 
eae ae D 


S 
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Using two central differences, 


ðu 1 
32 = m2 [u(x + h, t) — 2u(x, + u(x — h, t)] 
ðu 1 
Pa = Ü [u(x,t + k) — 2u(x, t) + u(x, t — k)], 


we replace equation (1) by 


2 
PIS +h, t) —2u(x,t) + ux—-h,t)] = S [u(x t + k) — 2u(x, t) + u(x,t — k). (2) 


line 


u 
(j + 1)st time e 
Wit; | 

jth time line e e 
| 


(j - 1)st time 


e 
line L-A—| 
FIGURE 15.3.1 watt=j+ lis 


determined from three values of u at 
t = jand one value at t = j — 1. 


We solve (2) for u(x, t + k), which is u; j+1. If A = ck/ h, then (2) yields 
Ui j+1 = Xx Uis], j x = Nui TA Uj-i,j -— Uij-1 (3) 


fori = 1,2,...,n — l andj = L2,...,m — 1. 

In the case in which the wave equation (1) is a model for the vertical 
displacements u(x,t) of a vibrating string, typical boundary conditions are 
u(0,t)=0, u(a,t)=0, t>0, and initial conditions are u(x, 0) = f(x), 
0u/0t|,-o = g(x), 0 < x < a. The functions f and g can be interpreted as the initial 
position and the initial velocity of the string. The numerical method based on 
equation (3), like the first method considered in Section 15.2, is an explicit finite 
difference method. As before, we use the difference equation (3) to approximate the 
solution u(x, t) of (1), using the boundary and initial conditions, over a rectangular 
region in the xf-plane defined by the inequalities 0 € x = a, 0 € t S T, where T is 
some specified value of time. If n and m are positive integers and 


h= and k=, 


the vertical and horizontal grid lines on this region are defined by 
x = ih, i=0,1,2,...,n and t = jk, j=0,1,2,...,m. 


As shown in Figure 15.11, (3) enables us to obtain the approximation u; ;+; on the 
(j + 1)st time line from the values indicated on the jth and (j — 1)st time lines. 
Moreover, we use 


uo j = u(0, jk) = 0, u,; = ula, jk) = 0 <— boundary conditions 
and Uio = u(x; 0) = f(x). < initial condition 


There is one minor problem in getting started. You can see from (3) that for j = 1 
we need to know the values of u;, (that is, the estimates of u on the first time line) 
in order to find uj». But from Figure 15.3.1, with j = 0, we see that the values of u; on 
the first time line depend on the values of u;,9 on the zeroth time line and on the values 
of u;—1. To compute these latter values, we make use of the initial-velocity condition 
u(x, 0) = g(x). At t = 0 it follows from (5) of Section 9.5 that 


U(X, k) — uxi, —k) 
2k ` 


8) = um, 0) ~ (4) 


To make sense of the term u(x;, —k) = u;-1 in (4), we have to imagine u(x, t) 
extended backward in time. It follows from (4) that 
u(x; —k) = u(x;, k) — 2kg(x). 
This last result suggests that we define 
ui- = uj — 2kg(x) (5) 
in the iteration of (3). By substituting (5) into (3) when j = 0, we get the special case 


5 


A” 
Uii = E! (uisi + U-19) + (0 — dN )ujo + kg(x;). (6) 
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I EXAMPLE 1 Using the Finite Difference Method 


Approximate the solution of the boundary-value problem 


u ou 
un Ocx«1l, O«r«1 
ox ar” 
u(0,t) —0, u(1,) ^0, OsStsl 
. ðu 
u(x, 0) = sin Tx, — =0, 0Sx<=1, 
Ot lt=0 


using (3) with n = 5 and m = 20. 


SOLUTION We make the identifications c = 2, a = 1, and T = 1. With n = 5 and 


m = 20 we geth = 1 = 02, k = 55 = 0.05, and à = 0.5. Thus, with g(x) = 0, equa- 
tions (6) and (3) become, respectively, 
Uii = 0.125(u;+1,0 + Uj—1,0) + 0.75uj o (7) 


Uj j+1 = 0.25uj,,,; + 1.5uj + 0.25uj 4; — uj i. (8) 


For i = 1, 2, 3, 4, equation (7) yields the following values for the u; ; on the first time 
line: 


Uy, = 0.125(u59 + Ugo) + 0.75u49 = 0.55972100 
Un, = 0.125(u4g + uio) + 0.75u = 0.90564761 
uz; = 0.125(u4o + u29) + 0.7539 = 0.90564761 
Ug, = 0.125(usg + uso) + 0.75u49 = 0.55972100. 


Note that the results given in (9) were obtained from the initial condition 
u(x, 0) = sin zx. For example, u»o = sin(0.277), and so on. Now j = 1 in (8) gives 


Ui.» = 0.25uj+11 + 1.5u; + 0.25uj 4 = Uio 


(9) 


and so fori = 1, 2, 3, 4 we get 
uy = 0.25m; + 1.5u4, + 0.25ug, — uio 
uy = 0.25u4, + 1.5u5, + 0.25u,; — ug 
uz = 0.25u4, + 1.5u4, + 0.25u5, — uzo 
uy = 0.25us, + 1.5u4, + 0.25u3; — Ugo. 


Using the boundary conditions, the initial conditions, and the data obtained in (9), we 
get from these equations the approximations for u on the second time line. These last 
results and an abbreviation of the remaining calculations are given in Table 15.6. 


TABLE 15.6 Explicit Difference Equation Approximation with h = 0.2, 
k = 0.05, A = 0.5 


Time x = 0.20 x = 0.40 x = 0.60 x = 0.80 
0.00 0.5878 0.9511 0.9511 0.5878 
0.10 0.4782 0.7738 0.7738 0.4782 
0.20 0.1903 0.3080 0.3080 0.1903 
0.30 —0.1685 —0.2727 —0.2727 —0.1685 
0.40 —0.4645 —0.7516 —0.7516 —0.4645 
0.50 —0.5873 —0.9503 —0.9503 —0.5873 
0.60 —0.4912 —0.7947 —0.7947 —0.4912 
0.70 —0.2119 —0.3428 —0.3428 —0.2119 
0.80 0.1464 0.2369 0.2369 0.1464 
0.90 0.4501 0.7283 0.7283 0.4501 
1.00 0.5860 0.9482 0.9482 0.5860 
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It is readily verified that the exact solution of the BVP in Example 1 is 
u(x, t) = sin mx cos 2r t. With this function we can compare actual values with ap- 
proximations. For example, some selected comparisons are given in Table 15.7. As 
you can see in the table, the approximations are in the same “ballpark” as the ac- 
tual values, but the accuracy is not particularly impressive. We can, however, 
obtain more accurate results. The accuracy of the algorithm varies with the choice 
of A. Of course, A is determined by the choice of integers n and m, which in turn 
determine the values of the step sizes h and k. It can be proved that the best accu- 
racy is always obtainable from this method when the ratio A = kc/h is equal to 
one— in other words, when the step in the time direction is k = h/c. For example, 
the choice n = 8 and m = 16 yields h = 1 k= i and A = 1. The sample values 
listed in Table 15.8 clearly show the improved accuracy. 


TABLE 15.7 TABLE 15.8 

Actual Approx. Actual Approx. 

u(0.4, 0.25) = 0 u25 = 0.0185 u(0.25, 0.3125) = —0.2706 u25 = —0.2706 
u(0.6, 0.3) = —0.2939 uz = —0.2727 u(0.375, 0.375) = —0.6533 i36 = —0.6533 
u(0.2, 0.5) = —0.5878 ui 10 = —0.5873 u(0.125, 0.625) = —0.2706 u10 = —0.2706 
u(0.8, 0.7) = —0.1816 u414 = —0.2119 -G 


STABILITY We note in conclusion that this explicit finite difference method for the 


wave equation is stable when A = 1 and unstable when A > 1. 


EXERCISES 15.3 


Answers to selected odd-numbered problems begin on page ANS-28. 


In Problems 1, 3, 5, and 6 use a computer as a computation 


aid. 


1. Use the difference equation (3) to approximate the solu- 
tion of the boundary-value problem 


u(0,t)=0, u(a)-70, O<t<T 


EL 0cx-«a, 


uw =F =] 


when 


(a) c=1, a=1, T= 1, fx)=x(1 — x); n= 4 and 


m — 10 


=0, Ozxx-a 


2. Consider the boundary-value problem 
Pu _ Pu 
ox o 


u(0,t) —0, u(1,) 20, 0r x05 


0cx«l, 0«r«0.5 


ðu 
,0) = sin "E =0, OSx=1. 
0<1<T u(x, 0) TX 9t hao x 


(a) Use the methods of Chapter 12 to verify that the so- 
lution of the problem is u(x, t) = sin Tx cos Tt. 


(b) Use the method of this section to approximate the 
solution of the problem without the aid of a com- 
puter program. Use n = 4 and m = 5. 


(c) Compute the absolute error at each interior grid point. 
3. Approximate the solution of the boundary-value prob- 

lem in Problem 2 using a computer program with 

(a n=5,m= 10 (b) n = 5, m = 20. 


(b) c= 1, a= 2, T=1, f(x) = e 196795 n — 5 and 


m — 10 
(ce) c= V2,a=1,T=1, 


fœ) = | 


n = 10 and m = 25. 


0, 0 =x=05 
0.5, O5<x=1 


4. Given the boundary-value problem 
u du 
ox at” 


u(0,) 2-0, u(1,10 =0, O<t <1 


0<x<1, 0<t<1 


ðu 


$ =x(1 
u(x, 0) = x( x), MM 


=0, 0<x<1, 
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use h = k = 1 in equation (6) to compute the values of 
uj, by hand. 


It was shown in Section 12.2 that the equation of a 
vibrating string is 


where T is the constant magnitude of the tension in the 
string and p is its mass per unit length. Suppose a string 
of length 60 centimeters is secured to the x-axis at its ends 
and is released from rest from the initial displacement 


0.01x, 0zxzx30 


Use the difference equation (3) in this section to 
approximate the solution of the boundary-value problem 
when h = 10, k = 5V p/ T and where p = 0.0225 g/cm, 
T = 1.4 X 107 dynes. Use m = 50. 


. Repeat Problem 5 using 


0.2x, 0sx=15 


f(x) = x — 15 
0.30 TE 


15 <x = 60 


and h = 10, k = 2.5 V p/ T. Use m = 50. 


CHAPTER 15 IN REVIEW 


Answers to selected odd-numbered problems begin on page ANS-29. 


. Consider the boundary-value problem 


Pu gu 
— +—=0, 0<x<2, 0«y«1 
Ox oy" 
u(0,y = 0, u(2,y)=50, O<y<1 
u(x,0) =0, u(1)-0, 0O<x<2. 


Approximate the solution of the differential equation at 
the interior points of the region with mesh size h = L 
Use Gaussian elimination or Gauss-Seidel iteration. 


Solve Problem 1 using mesh size h = L, Use Gauss- 
Seidel iteration. 


Consider the boundary-value problem 


ðu ðu 
=> => 0<x<1, 0<t<0.05 
àx ðt 
u(0,t) = 0, u(1, 2) =0, t>0 
u(x,0) =x, O<x< 1. 
(a) Note that the initial temperature u(x, 0) = x indi- 


cates that the temperature at the right boundary 
x = | should be u(1, 0) = 1, whereas the boundary 
conditions imply that u(1, 0) = 0. Write a computer 
program for the explicit finite difference method so 


that the boundary conditions prevail for all times 
considered, including t = 0. Use the program to 
complete Table 15.9. 

(b) Modify your computer program so that the initial 
condition prevails at the boundaries at t = 0. Use 
this program to complete Table 15.10. 

(c) Are Tables 15.9 and 15.10 related in any way? Use 
a larger time interval if necessary. 


TABLE 15.9 


Time x-20.00 x=0.20 x=040 x-20.60 x=0.80 x-1.00 


0.00 — 0.0000 0.2000 0.4000 0.6000 0.8000 0.0000 


0.01 — 0.0000 0.0000 

0.02 — 0.0000 0.0000 

0.03 — 0.0000 0.0000 

0.04 — 0.0000 0.0000 

0.05 — 0.0000 0.0000 
TABLE 15.10 


Time x-20.00 x=020 x=040 x=0.60 x=0.80 x-21.00 


0.00 — 0.0000 0.2000 0.4000 0.6000 0.8000 1.0000 


0.01 — 0.0000 0.0000 
0.02 0.0000 0.0000 
0.03 0.0000 0.0000 
0.04 — 0.0000 0.0000 
0.05 — 0.0000 0.0000 
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GAMMA FUNCTION 


FIGURE I.1 Graph of P (x) for x 


neither O nor a negative integer 


Euler's integral definition of the gamma function is 


r= [ie dt. (1) 
0 


Convergence of the integral requires that x — 1 > —1 or x — 0. The recurrence 
relation 


T + 1) = xT, (2) 


which we saw in Section 6.3, can be obtained from (1) with integration by parts. Now 
when x = L, I(1) = D e ‘dt = 1, and thus (2) gives 


TQ) = 1rd) =1 
TG) = 20) 22:1 
I4) = 3T() =3-2°1 


and so on. In this manner it is seen that when n is a positive integer, T(n + 1) = n. 
For this reason the gamma function is often called the generalized factorial 
function. 

Although the integral form (1) does not converge for x « 0, it can be shown 
by means of alternative definitions that the gamma function is defined for all real and 
complex numbers except x = —n,n = 0,1,2,.... Asa consequence, (2) is actually 
valid for x # —n. The graph of I(x), considered as a function of a real variable x, is 
as given in Figure I.1. Observe that the nonpositive integers correspond to vertical 
asymptotes of the graph. 

In Problems 31 and 32 of Exercises 6.3 we utilized the fact that r() = Vim. 


This result can be derived from (1) by setting x — 1: 


mi Í aa (3) 


When we let t=u’, (3) can be written as r() =2 15 e™ du. But 
15 e^ du = I5 e^" dv, so 


nore (eon) ria 


Switching to polar coordinates u — r cos 0, v — r sin 0 enables us to evaluate the 


double integral: 
oo f oo . I T/2 [|œ . 
af Í e "V9 du dv = af Í e" rdrd0 = m. 
o Jo o Jo 


=r oe r()-vs. (4) 


Hence 
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| EXAMPLE 1 Value of I (—1) 


Evaluate r(-1). 


SOLUTION In view of (2) and (4) it follows that, with x — -l 


Therefore 


rG) = -:r(3. 


r(-1) = -2r(1) = -2v. = 


EXERCISES FOR APPENDIX I 


Answers to selected odd-numbered problems begin on page ANS-29. 


1. Evaluate. 
(a) I'(5) (b) I'(7) 
(c) T(-3) (d) r(-j) 


2. Use (1) and the fact that r(°) = 0.92 to evaluate 


f xe dx. [Hint: Let t = x?.] 
0 


3. Use (1) and the fact that re} = 0.89 to evaluate 


=o. 
xte™ dx. 
0 


1 1 3 
4. Evaluate f X (in ‘) dx. [Hint: Let t = —1n x.] 
x 


0 


1 
5. Use the fact that I'(x) > i t*'e~'dt to show that P(x) 
0 


is unbounded as x — 0*. 


6. Use (1) to derive (2) for x > 0. 
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MATRICES 


II.1 BASIC DEFINITIONS AND THEORY 


DEFINITION II.1 Matrix 


A matrix A is any rectangular array of numbers or functions: 


Cin Cia ce DS 
ü An + ** Ann 

A-|: YE (1) 
Ami Am °° * Am 


If a matrix has m rows and n columns, we say that its size is m by n (written 
m X n). Ann X n matrix is called a square matrix of order n. 

The element, or entry, in the ith row and jth column of an m X n matrix A 
is written a;j. An m X n matrix A is then abbreviated as A = (a;j)mxn or simply 
A = (aij). A 1 X 1 matrix is simply one constant or function. 


DEFINITION II.2 Equality of Matrices 


Two m X n matrices A and B are equal if a;; = bj; for each i and j. 


DEFINITION II.3 Column Matrix 


A column matrix X is any matrix having n rows and one column: 


x= i = (ba)rxi: 


A column matrix is also called a column vector or simply a vector. 


DEFINITION II.4 Multiples of Matrices 


A multiple of a matrix A is defined to be 


kay, Ko +--+ Kay 
Kay, kay +--+ kay, 

kA = i f = (ka;;)mxn 
kamı kamz 15650 Kann 


where k is a constant or a function. 
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| EXAMPLE 1 Multiples of Matrices 


2 -3 10 —15 1 e 
(a) 5|4 -1]=|20 -5 (b e | -2| =| -2¢ 
i 6 1 30 4 4e m 


We note in passing that for any matrix A the product kA is the same as Ak. For 
example, 


DEFINITION II.5 Addition of Matrices 


The sum of two m X n matrices A and B is defined to be the matrix 


ATB- (aij =F Dij) xn: 


In other words, when adding two matrices of the same size, we add the correspond- 
ing elements. 


i EXAMPLE 2 Matrix Addition 


2 =f 3 4 7 —8 
The sum of A = 0 4 6]andB = |9 3 5 |1s 
—6 10 =5 1 -1 2 
2+4 -1+7 3 + (-8) 6 6 —5 
A+B=| 0+9 4+3 6+5 = 9 7 l|. 
—6 +1 10+ (=D) -5+2 -5 9 -3 E 


I EXAMPLE 3 A Matrix Written as a Sum of Column Matrices 


3P — 2e 
The single matrix | f? + 7f. | can be written as the sum of three column vectors: 
5t 
38 — 2e 3p 0 =2e 3 0 —2 
DT ||P.lt*|7(|-*| O |2|1|]?-|7|t-*| Ole. 
5t 0 5t 0 0 Sj 0 a 


The difference of two m Xn matrices is defined in the usual manner: 
A — B = A + (-B), where —B = (—1)B. 
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DEFINITION II.6 Multiplication of Matrices 


Let A be a matrix having m rows and n columns and B be a matrix having 
n rows and p columns. We define the product AB to be the m X p matrix 


a; dj? Ain bip 

au 0» 27 by» 
AR ln: : ; 

Amn Am amn y 
puncta c ay), Ua aj)b», np e ag A Prp 
yD, + dxby + + + + + Ag Dy | + AyD, am anba Sar eine Gb, 
aibi T amb gt amnbni oe AnD ip an ambap sr eroe Gin np 


z (> aibi 
k=1 


mxp 


Note carefully in Definition II.6 that the product AB = C is defined only when 
the number of columns in the matrix A is the same as the number of rows in B. The 
size of the product can be determined from 


Amxn B, xp = C, Xp: 


Also, you might recognize that the entries in, say, the ith row of the final matrix AB 
are formed by using the component definition of the inner, or dot, product of the ith 
row of A with each of the columns of B. 


[ EXAMPLE 4 Multiplication of Matrices 


4 7 9 -2 
(a) Fora = ( ) ana = ( ) 
3 7 6 8 


s DM pae = le 2 
3-94+5°6 3-:(-2-7 5-8 57 34V 
(b) ForA B dB (3 P" 
or E an == 
2 0? 
2 7 
5+(-4)+8-2 5-(-3)+8-0 -4 -15 
AB=|1-(-4)+0-2 1-+(-3)+0-0]=|-4 -3 
2-(-4)+ 7-2 2-(-3)+7-0 6 —-6 


In general, matrix multiplication is not commutative; that is, AB # BA. 
30 53 
48 82 
the product BA is not defined, since Definition II.6 requires that the first matrix (in 
this case B) have the same number of columns as the second matrix has rows. 

We are particularly interested in the product of a square matrix and a column 
vector. 


Observe in part (a) of Example 4 that BA — ( ) whereas in part (b) 
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| EXAMPLE 5 Multiplication of Matrices 


5" =i 3S3 2293) + (21) 6 S 0 
(a9|0 4 5| 6|-2|0:(-259 4-64+5-4]=| 44 
bL -7 € 1- (=3 4+ (-1)64 9*4 -9 


(b (3 d eed i 
AGE" y] \ 83x 8y 


MULTIPLICATIVE IDENTITY For a given positive integer n the n X n matrix 


bo 0 esc 
NEN Bee 
pese | 
000-1 


is called the multiplicative identity matrix. It follows from Definition II.6 that for 
any n X n matrix A. 


AI = IA = A. 
Also, it is readily verified that if X is an n X 1 column matrix, then IX — X. 


ZERO MATRIX A matrix consisting of all zero entries is called a zero matrix and 
is denoted by 0. For example, 


0 
(e c-lo 
0 


and so on. If A and 0 are m X n matrices, then 

A+0=0+A=A. 
ASSOCIATIVE LAW Although we shall not prove it, matrix multiplication is 
associative. If A is an m X p matrix, B a p X r matrix, and C an r X n matrix, then 


A(BC) = (AB)C 


is an m X n matrix. 


DISTRIBUTIVE LAW If all products are defined, multiplication is distributive 
over addition: 
A(B + C) = AB + AC and (B + C)A = BA + CA. 


DETERMINANT OF A MATRIX Associated with every square matrix A of con- 
stants is a number called the determinant of the matrix, which is denoted by det A. 


| EXAMPLE 6 Determinant of a Square Matrix 


3 6 2 
ForA =| 2 5 _ 1] weexpand det A by cofactors of the first row: 
-1 2 4 
2 
erelo a lea Tada faai 
° » P 2 4) eR sd t ed $ 


= 3(20 — 2) — 6(8 + 1) + 2(4 + 5) = 18. a 
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It can be proved that a determinant det A can be expanded by cofactors using any 
row or column. If det A has a row (or a column) containing many zero entries, 
then wisdom dictates that we expand the determinant by that row (or column). 


DEFINITION II.7  Transpose of a Matrix 


The transpose of the m X n matrix (1) is the n X m matrix AT given by 


Gy) An ^77 Am 
AT Gig 05 *** y, 
Qn Am co Ann 


In other words, the rows of a matrix A become the columns of its 
transpose AT. 


[ EXAMPLE 7  Transpose of a Matrix 


3 6 2 3c 32- =Í 
(a) ThetransposeofA =| 2 5 Il]JisA7=|6 5 2 |. 
-1 2 4 2 1 4 
5 
(b IfX =| 0], then X7=(5 0 3). E 
3 


DEFINITION II.8 Multiplicative Inverse of a Matrix 


Let A be an n X n matrix. If there exists an n X n matrix B such that 
AB = BA = I, 


where I is the multiplicative identity, then B is said to be the multiplicative 
inverse of A and is denoted by B = A7!. 


DEFINITION II.9 Nonsingular/Singular Matrices 


Let A be ann X n matrix. If det A # 0, then A is said to be nonsingular. If 
det A = 0, then A is said to be singular. 


The following theorem gives a necessary and sufficient condition for a square 
matrix to have a multiplicative inverse. 


THEOREM II.1 Nonsingularity Implies A Has an Inverse 


An n Xn matrix A has a multiplicative inverse A ! if and only if A is 
nonsingular. 


The following theorem gives one way of finding the multiplicative inverse for a 
nonsingular matrix. 
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THEOREM II.2 A Formula for the Inverse of a Matrix 


Let A bean n X n nonsingular matrix and let C;; = (—1)'/M;;, where Mj; is the 
determinant of the (n — 1) X (n — 1) matrix obtained by deleting the ith row 
and jth column from A. Then 


1 
Ke 
det A 


(C). Q) 


Each C;; in Theorem II.2 is simply the cofactor (signed minor) of the corresponding 
entry aj; in A. Note that the transpose is utilized in formula (2). 
For future reference we observe in the case of a 2 X 2 nonsingular matrix 


that Cj; = az, Ci? = —a21, Cay = —a4,5, and C»? = a11. Thus 
A-I = 1 ( a is] m 1 ( an p 3) 
det A —015 11 det A —51 ay, 


For a 3 X 3 nonsingular matrix 


an 023 47; 493 G7; a2 
Cy = > Ci» = > Ci = , 
439 033 43; 033 43; 32 
and so on. Carrying out the transposition gives 
1 Cy Cy Cx 
=| C C. (4) 
12 22 32 | 
det A 
C3 C3 C33 


| EXAMPLE 8 Inverse of a2 x 2 Matrix 


1 4 
Find the multiplicative inverse for A — ( xl 


SOLUTION Since det A= 10 — 8 = 2 £0, A is nonsingular. It follows from 
Theorem II.1 that A! exists. From (3) we find 


1/10 -4 -2 
eus ug p . 
2\-2 1 -1 1 


2 
Not every square matrix has a multiplicative inverse. The matrix A = E ) 
is singular, since det A = 0. Hence A“! does not exist. 


| EXAMPLE 9 Inverse of a3 x 3 Matrix 


2 0 
Find the multiplicative inverse for A = | -2 1 1). 
0 1 


(05) 
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SOLUTION Since det A = 12 # 0, the given matrix is nonsingular. The cofactors 
corresponding to the entries in each row of det A are 


Gal: si Ces) era Gea Nees 
T qe d is 3 1 7 3 0 
2 0 2 0 2 2 
Cy, =- =-2 Cy = = Cy = - =6 
m= i aE t s=- a 
2 0 2 0 2. 2 
= = a = —2 = = . 
If follows from (4) that 
dic dh 
A`! = — 2 -2/=| 3 i -3 
12 12 6 Er 
=3 6 6 —1 1 1 
4 2 2 
You are urged to verify that A A = AA ! = I a 


Formula (2) presents obvious difficulties for nonsingular matrices larger than 
3 X 3. For example, to apply (2) to a 4 X 4 matrix, we would have to calculate 
sixteen 3 X 3 determinants.” In the case of a large matrix there are more efficient 
ways of finding A~'. The curious reader is referred to any text in linear algebra. 

Since our goal is to apply the concept of a matrix to systems of linear first-order 


differential equations, we need the following definitions. 


DEFINITION II.10 Derivative of a Matrix of Functions 


Tf A(t) = (a;j(4))mxn is a matrix whose entries are functions differentiable on 


a common interval, then 
dA (4 
edis; " 
dt gu ss 


DEFINITION II.11 Integral of a Matrix of Functions 


Tf A(t) = (aij(t))mxs is a matrix whose entries are functions continuous on a 
common interval containing f and fo, then 


fao ds = (faw ds) : 


To differentiate (integrate) a matrix of functions, we simply differentiate 
(integrate) each entry. The derivative of a matrix is also denoted by A'(r). 


Í EXAMPLE 10 Derivative/Integral of a Matrix 


d 
— sin 2f 
: dt 
sin 2t d 2 cos 2t 
If X(t) = e | then X'(r = P d = 3g! 
8t—]1 d 8 
—(8t— 1 
FA ) 


"Strictly speaking, a determinant is a number, but it is sometimes convenient to refer to a determinant as 
if it were an array. 
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i I sin 2s ds —5cos 2t + i 
and [xoa -| fon |=| tei] i 
i fi (8s — ds An -1 


II.2 GAUSSIAN AND GAUSS-JORDAN ELIMINATION 


Matrices are an invaluable aid in solving algebraic systems of n linear equations in 
n unknowns, 


aX, + aX +--+ ct a,x, = bi 
dX, t dX, + + + ag X, = bs (5) 
5X] + 5X» do twn sp AnnXn 7 b,. 


If A denotes the matrix of coefficients in (5), we know that Cramer's rule could be 
used to solve the system whenever det A 0. However, that rule requires a herculean 
effort if A is larger than 3 X 3. The procedure that we shall now consider has the dis- 
tinct advantage of being not only an efficient way of handling large systems, but also 
a means of solving consistent systems (5) in which det A — 0 and a means of solv- 
ing m linear equations in n unknowns. 


DEFINITION II.12 Augmented Matrix 


The augmented matrix of the system (5) is the n X (n + 1) matrix 


Gy 25 3 |. P3 
Gy, Gy +++ Ay, | by 
an Am °° * Am b, 
If B is the column matrix of the b;,i = 1,2, ..., n, the augmented matrix of (5) 


is denoted by (A|B). 


ELEMENTARY ROW OPERATIONS Recall from algebra that we can transform 
an algebraic system of equations into an equivalent system (that is, one having the same 
solution) by multiplying an equation by a nonzero constant, interchanging the posi- 
tions of any two equations in a system, and adding a nonzero constant multiple of an 
equation to another equation. These operations on equations in a system are, in turn, 
equivalent to elementary row operations on an augmented matrix: 


(i) | Multiply a row by a nonzero constant. 


(ii) Interchange any two rows. 


(iii) Add a nonzero constant multiple of one row to any other row. 


ELIMINATION METHODS To solve a system such as (5) using an augmented 
matrix, we use either Gaussian elimination or the Gauss-Jordan elimination 
method. In the former method we carry out a succession of elementary row opera- 
tions until we arrive at an augmented matrix in row-echelon form: 

(i) The first nonzero entry in a nonzero row is 1. 


(i) In consecutive nonzero rows the first entry 1 in the lower row appears to 
the right of the first 1 in the higher row. 


(ii) Rows consisting of all 0’s are at the bottom of the matrix. 
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In the Gauss-Jordan method the row operations are continued until we obtain an aug- 
mented matrix that is in reduced row-echelon form. A reduced row-echelon matrix 
has the same three properties listed above in addition to the following one: 


(iv) A column containing a first entry | has 0’s everywhere else. 


i EXAMPLE 11  Row-Echelon/Reduced Row-Echelon Form 


(a) The augmented matrices 


2 


0 0 1 -6 2 12 
1) ana ( 7) 


15 0 

010|- 
114 

"a à 0 00 6 


are in row-echelon form. You should verify that the three criteria are satisfied. 


(b) The augmented matrices 


7 


PP ROM 
1] and 
9 000 01 4 


1 0 0 
0 1 0 = 
0 0 0 
are in reduced row-echelon form. Note that the remaining entries in the columns 
containing a leading entry | are all 0’s. a 


Note that in Gaussian elimination we stop once we have obtained an augmented 
matrix in row-echelon form. In other words, by using different sequences of row 
operations we may arrive at different row-echelon forms. This method then requires 
the use of back-substitution. In Gauss-Jordan elimination we stop when we have 
obtained the augmented matrix in reduced row-echelon form. Any sequence of row 
operations will lead to the same augmented matrix in reduced row-echelon form. 
This method does not require back-substitution; the solution of the system will be 
apparent by inspection of the final matrix. In terms of the equations of the original 
system, our goal in both methods is simply to make the coefficient of x, in the first 
equation’ equal to 1 and then use multiples of that equation to eliminate x, from other 
equations. The process is repeated on the other variables. 

To keep track of the row operations on an augmented matrix, we utilize the 
following notation: 


Symbol Meaning 

Rij Interchange rows i and j 

cR; Multiply the ith row by the nonzero constant c 
cR; + Rj Multiply the ith row by c and add to the jth row 


i EXAMPLE 12 Solution by Elimination 


Solve 2x, + 6X. + x,—7 
x +2x%,- x,7-—1 
5x, + 7x. — 4x, = 9 


using (a) Gaussian elimination and (b) Gauss-Jordan elimination. 


“We can always interchange equations so that the first equation contains the variable x). 


APP-12 e APPENDIX II MATRICES 


SOLUTION (a) Using row operations on the augmented matrix of the system, we 


obtain 
2 6 1| 7 1 2 -1|-1| 2c; [1 2 -1|-1 
Ryo =R +R 
1 a eer 59—2$ 1| 7) alo $ | 9 
5 7 —4: 9 5 7 —4| 9 0 -3 1| 14 
I 2 -L[-i 1.2 =1],=1 j 2 —1|-1 
22,0 x 2| 2|2999,]9 3 3| $|]99—.|o. 3 2) 4} 
0 -3 1| 14 00 #| š 0 0 | 5 
The last matrix is in row-echelon form and represents the system 
x +2x,- x= -l 
9 
x + x3 = 2 
Xx, = 5. 
Substituting x3 = 5 into the second equation then gives x. = —3. Substituting both 


these values back into the first equation finally yields x; = 10. 

(b) We start with the last matrix above. Since the first entries in the second and third 
rows are l's, we must, in turn, make the remaining entries in the second and 
third columns 0’s: 


i a pel 1 0 -4|-10| 4&+R [1 0 0| 10 
oa 32] g|2999,|5-; s] [SA laa uses 
00 1l 5 00 il 5 0-6 ails 


The last matrix is now in reduced row-echelon form. Because of what the matrix 
means in terms of equations, it is evident that the solution of the system is x, — 10, 
x2 = —3, x3 = 5. E 


| EXAMPLE 13 Gauss-Jordan Elimination 


Solve x+ 3y-2z=-7 
4x+ yt3z=5 
2x — 5y + 7z = 19. 


SOLUTION We solve the system using Gauss-Jordan elimination: 


i 3 =2|-7\ Aem |1 3 2|] 
—2 m M 

4 d 3| 5|- |o -11 31] 38 

2-5 7]1|19 0-11 11 33 


R [1 3 —2|-7| —3R. +R 1 0 1 1 
2 0 1 —1/|-3]|. 
0 p SP ps. 0 0 0 0 


In this case the last matrix in reduced row-echelon form implies that the original 
system of three equations in three unknowns is really equivalent to two equations in 
three unknowns. Since only z is common to both equations (the nonzero rows), we 
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can assign its values arbitrarily. If we let z = f, where t represents any real number, 


then we see that the system has infinitely many solutions: x = 2 — t, y = —3 + t, 
z = t. Geometrically, these equations are the parametric equations for the line of 
intersection of the planes x + Oy + z = 2 and Ox + y — z = 3. E 


USING ROW OPERATIONS TO FIND AN INVERSE Because of the number 
of determinants that must be evaluated, formula (2) in Theorem I.2 is seldom 
used to find the inverse when the matrix A is large. In the case of 3 X 3 or larger 
matrices the method described in the next theorem is a particularly efficient means 
for finding A™!. 


THEOREM II.3 Finding A`! Using Elementary Row Operations 


If an n X n matrix A can be transformed into the n X n identity I by a 
sequence of elementary row operations, then A is nonsingular. The same 


sequence of operations that transforms A into the identity I will also trans- 
form I into A !. 


It is convenient to carry out these row operations on A and I simultaneously 
by means of an n X 2n matrix obtained by augmenting A with the identity I as 


shown here: 
Qj dp ++: 4,]|1 0 - 0 
Qj Gy +++ d |1 0... 0 
(A|D = ke 
an anm cce ann 0 0 rari 1 


The procedure for finding A“! is outlined in the following diagram: 


Perform row operations 
on A until I is obtained. This 
means that A is nonsingular. 


(A || 


By simultaneously applying 
the same row operations 
to I, we get Ail: 


| EXAMPLE 14 Inverse by Elementary Row Operations 


2 0 1 
Find the multiplicative inverse for A = | -2 3 4). 
=). 5 


SOLUTION We shall use the same notation as we did when we reduced an 
augmented matrix to reduced row-echelon form: 


201/100 1 0 4|} 0 0| 95425 11 0 2/3 00 
LA 5R, + R3 

-2 3 4/0 1 0 -2 3 4/0 1 0| == |0 3 5|1 1 0 

-5 5 610 0 I -5 5 610 0 1 05 #12 0 1 
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(1 03/7 0 0)  os|soo 
—5|o1i|ii0|]——lo15$|i i0 
0145101 0035£;--1 

j 0 ij} © 0) he h00|-2 5 -3 
35 |o 1 s/t 2 of SB*® 19 1 o|-s 17 -10 
0 0 115 -10 6 001l S <i 6 


Because I appears to the left of the vertical line, we conclude that the matrix to the 
right of the line is 


-2 5 m 
A!-[-8 17 -—10]. 
5 -=10 6 a 


If row reduction of (AJI) leads to the situation 


TOW 
operations 
—— 


AID (B | C), 


where the matrix B contains a row of zeros, then necessarily A is singular. Since fur- 


ther reduction of B always yields another matrix with a row of zeros, we can never 
transform A into I. 


IIL.3 THE EIGENVALUE PROBLEM 


Gauss-Jordan elimination can be used to find the eigenvectors of a square matrix. 


DEFINITION II.13 Eigenvalues and Eigenvectors 


Let A be an n X n matrix. A number À is said to be an eigenvalue of A if 
there exists a nonzero solution vector K of the linear system 


AK = AK. (6) 


The solution vector K is said to be an eigenvector corresponding to the 
eigenvalue A. 


The word eigenvalue is a combination of German and English terms adapted 
from the German word eigenwert, which, translated literally, is “proper value.” 
Eigenvalues and eigenvectors are also called characteristic values and character- 
istic vectors, respectively. 


| EXAMPLE 15 Eigenvector of a Matrix 


1 
Verify that K = | —1 | is an eigenvector of the matrix 
1 
0 =L =3 
A=| 2 3 3 
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SOLUTION By carrying out the multiplication AK, we see that 


0 -1 -3 1 E 1 eigenvalue 
AK-7| 2 3 3 1 2 (-2)|-1| = (-2)K. 
=2 1 1 1 =2 1 


We see from the preceding line and Definition IL13 that A= —2 is an 
eigenvalue of A. a 


Using properties of matrix algebra, we can write (6) in the alternative form 
(A — ADK = 0, (7) 


where I is the multiplicative identity. If we let 


kı 
k 
K=|?], 
k, 
then (7) is the same as 
(aii — A)k, T akz Tcv ask, = 0 
ayk, + (an = A) +--+ ak, = 0 
: (8) 
Aik + amka Taes T (d Ak, — 0. 
Although an obvious solution of (8) is kı = 0, k2 = 0,..., kn = 0, we are seeking 
only nontrivial solutions. It is known that a homogeneous system of n linear equa- 
tions in n unknowns (that is, b; = 0,7 = 1, 2,..., in (5)) has a nontrivial solution 


if and only if the determinant of the coefficient matrix is equal to zero. Thus to find a 
nonzero solution K for (7), we must have 


det(A — AI) = 0. (9) 


Inspection of (8) shows that the expansion of det(A — AI) by cofactors results in an 
nth-degree polynomial in A. The equation (9) is called the characteristic equation 
of A. Thus the eigenvalues of A are the roots of the characteristic equation. To find 
an eigenvector corresponding to an eigenvalue A, we simply solve the system of 
equations (A — ADK = 0 by applying Gauss-Jordan elimination to the augmented 
matrix (A — AI|0). 


l EXAMPLE 16 Eigenvalues/Eigenvectors 


1 2 1 
Find the eigenvalues and eigenvectors of A = 6 -1 0 |. 
=] 2. =I! 


SOLUTION To expand the determinant in the characteristic equation, we use the 
cofactors of the second row: 


1—A 2 1 
det(A — AI) = 6 ex =X 0 —-—9-—2^-12A-90. 
=] —2 =I =À 
From —A? — A? + 12A = -A(A + 4)(A — 3) = 0 we see that the eigenvalues 


are A; = 0, A» = —4, and à; = 3. To find the eigenvectors, we must now reduce 
(A — AI|0) three times corresponding to the three distinct eigenvalues. 
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For A; = 0 we have 


1 2 1|[0| =R *R |i 2 1/0 
R, +R 
(4—010-2|6 -1 0/0 13 13 -6|0 
-] -2 -110 0 o O16 
1 2 1/0 1 0 4/0 
-5R 6 —2Ry + Ry 6 
—9?, 10 1 £/0 10 1 §/ 01. 
00 010 0 0 010 
Thus we see that k; = -5k and k, = —§ kz. Choosing k3 = —13, we get the 
eigenvector” 
1 
K = 6]. 
—13 
For A5» = —4, 
5 2 1|0| -$ [1 2 -3|0 
R 
(A-41|0-2| 6 3 0/0/—+|6 3 olo 
-] -2 310 5 3- 1190 
“OR, +R [1 2 -3|0| R |1 2 -3|0| 2&** |1 O 140 
Rte o -9 180| tO 1 -2| 0| —= |o 1 -2l0 
0 -8 1610 0 1 -210 00 010 


implies that kı = —k3 and k = 2k3. Choosing k3 = 1 then yields the second 
eigenvector 


K,=| 2. 
1 


Finally, for A4 = 3 Gauss-Jordan elimination gives 


(A-31/0)=| 6 -4 0/0] oeaio |o 1 3/0], 
=] -2 -410 0.0 010 

so kj = —k3 and k, = —3k3. The choice of k3 = —2 leads to the third eigenvector: 
2 
K, = 3 

=2 E 

When an n X n matrix A possesses n distinct eigenvalues Aj, À2, . . . , Àn, it can 

be proved that a set of n linearly independent! eigenvectors Kj, Ko,..., K, can be 


found. However, when the characteristic equation has repeated roots, it may not be 
possible to find n linearly independent eigenvectors for A. 


“Of course k3 could be chosen as any nonzero number. In other words, a nonzero constant multiple of an 
eigenvector is also an eigenvector. 
"Linear independence of column vectors is defined in exactly the same manner as for functions. 
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| EXAMPLE 17  Eigenvalues/Eigenvectors 


3 4 
Find the eigenvalues and eigenvectors of A — & s) 


SOLUTION From the characteristic equation 
Suc 4 
det(A — AI) = —-(A—-5)?-0 
et ) | "FI l (A -= 5) 


we see that A; = A5 = 5 is an eigenvalue of multiplicity two. In the case of a2 X 2 
matrix there is no need to use Gauss-Jordan elimination. To find the eigenvector(s) 
corresponding to A, = 5, we resort to the system (A — 5I|0) in its equivalent form 


—2k, + 4k, =0 
—k, + 2k, = 0. 


It is apparent from this system that kı = 2k». Thus if we choose kz = 1, we find the 
single eigenvector 


l EXAMPLE 18 Eigenvalues/Eigenvectors 


9: b 1 
Find the eigenvalues and eigenvectors of A — |1 9 1). 
1 1 9 
SOLUTION The characteristic equation 
9—A 1 1 
det(A — AI) = 1 9—4A 1 = -(A- 11 - 8)? = 0 
1 1 9—4A 


shows that A; = 11 and that A? = A5 = 8 is an eigenvalue of multiplicity two. 
For A; = 11 Gauss-Jordan elimination gives 


—2 1 1 0 row 1 (0) 
(A—111/0)=| 1 -2 1ıļ|ọojļ Patios |o 1 —1]|0]| 
1 1 -210 0 0 


Hence kı = k3 and kz = k3. If k3 = 1, then 


Now for A» = 8 we have 


i 1 AO) ow 1 1 1/0 
(A—-81|0 —|1 1 1|0|.9Pe9805, |o 0 0Q QJ. 
11 110 0 0 010 
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In the equation kı + k2 + k3 = 0 we are free to select two of the variables arbitrar- 
ily. Choosing, on the one hand, kz = 1, k3 = 0 and, on the other, kz = 0, k3 = 1, we 
obtain two linearly independent eigenvectors 


=] =1 
K, = 1 and K, = 0 L| 
0 1 


| EX E RC | S E S F O R A P P E N D | X II Answers to selected odd-numbered problems begin on page ANS-29. 


IL1 BASIC DEFINITIONS AND THEORY ( 2) © iJ 
8. If A = and B — , find 
4 5 7 
1. If A= (4 s) and B = (3 ES find (a) A+B"  (b)2A'— B' (c) A'(A - B) 
(a) A+B B-A  (o2A-3B 9. iA -( t) aag = ( : 1), fin 
-2 0 3 21 (a) (AB)? (b) B'AT 
2. 11A -| 4 lj|andB-| 0 2}, find 
5 9 -3 1H 

7 3 -4 -2 10. IfA = (3 A and B = (3 T find 


(a) A-B (b) B — A (c) 2(A + B) (a) AT 4 BT (b) (A E B)? 


3. If A = ( p and B — (i s), find In Problems 11-14 write the given sum as a single column 
=5 4 3 2 : 
matrix. 
(a) AB (b BA (c) A?-AA (d) B?- BB 
1 2 =2 
11. 4 =2 +3 
ee -4 6 -3 ) A 
4. IFA = : ^ and B = ( 1-3 ;) fme > 3 
12. 3t *t(r-D| -t|-2| 4 
(a AB (b) BA -1 3 =5t 
1 =2 6 3 0 2 2 A 2) (C 1 32) 
= = = 13. = 
5. If A (3 E 6 i and C BB l ( 4A S -2 3A 2 
Hug 1 -3 4\f t£ =i 2 
(a BC (b) A(BC) (© C(BA) (d) A(B + C) 14 |2. 5 —1iļ|2-1ļ+| T=) 8 
0 -4 —2/\ =t 4 —6 
3 
6. IfA=( -6 7),B= 4 |, and In Problems 15-22 determine whether the given matrix is 
=] singular or nonsingular. If it is nonsingular, find A~! using 
12 4 Theorem II.2. 
C-|0 1 -l|,.find 
: —-3 6 2 5 
15. A = 16. A = 
3 2 1 (3 B ( 
(a) AB (b) BA (c) (BA)C (d) (AB)C 4 8 7 10 
17. A ( 18. A ( 
4 x53. ==) 2 2 
7. IfA = 8|andB—-(2 4 5), find 2 1 0 3 2 1 
—10 19. A=|{-1 2 1 20.A=| 4 | 0 
(a) ATA — (b B'B. (c) A+ BT Laad san e 


2 1 1 4 ] =] 
21. A=|1 -2 -3 22.A=| 6 2. m 
3 2 d a2. = 2 


In Problems 23 and 24 show that the given matrix is 
nonsingular for every real value of t. Find A (f) using 
Theorem II.2. 


—t At 
23. A(t) = (z : 


4e! 3e" 
24. A() = (¢ sint  —2e'cos ) 
. æ cos t esin t 


In Problems 25-28 find dX /dt. 


5 =t 
25. X MR 26. X ( 1 sin 2t — 4 cos A 
. X= e ; = - 
n —3 sin 2t + 5 cos 2t 
—Te 


1 2 Ste?! 
27. X= T ea Jers 28. X -( x ) 
=I 1 t sin 3t 


e" cos i 


29. Let A(r) — (^ sea) 


2 t 
(a) BS (b) [aoa (c) [aoas 
dt 0 0 


3t 
PI 


6t 2 
E : and B(r) = 


30. Let A(t) = iudi 


) Find 

dA dB 

(a) F3 (b) E 
1 2 

(c) faoa (d) [sco 
0 1 

(e) AWOBO (f) POLO 


(g) [scones ds 


II.2 GAUSSIAN AND GAUSS-JORDAN 
ELIMINATION 


In Problems 31—38 solve the given system of equations by 
either Gaussian elimination or Gauss-Jordan elimination. 


31. x+ y -2z-14 
2x — y+ z=0 
6x + 3y+4z=1 

33. yt z2—5 
5x + 4y — 16z = —10 
x- y- 5z=7 


32. 5x — 2y + 4z = 10 
xt y+ z=9 
4x — 3y + 3z=1 

34. 3x+ y+ z=4 
4x+2y- z=7 
x+ y-—3z=6 
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35. 2x+ y+ z=4 
10x = 2y+ 2z=-1 
6x — 2y + 4z=8 
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36. x + 2z=8 
x+2y-2z=4 
2x + 5y — 6z = 6 


37. xy +x — x4— x47 —1 38. 2x, + x; 13 =0 


xi xoc X3 +%x4 = 3 
Xy— Xo + x3-X4 = 3 
4x, + x2 — 2x3 +x4=0 


xi + 3x2 + x3=0 
Tx, + x2 +3x3=0 


In Problems 39 and 40 use Gauss-Jordan elimination to 
demonstrate that the given system of equations has no 


solution. 


39. x+2y+42-=2 40. 


2x+4y+3z=1 
x+2y- z=7 


xı + X2— x3 + 3x,= 1 

X2 — X3 — 4x4 = 0 
xı + 2x2 — 2x3 — x4=6 
4x, + 7x2 — 7x3 =9 


In Problems 41—46 use Theorem II.3 to find A^! for the 
given matrix or show that no inverse exists. 


4 2 3 
41.A-7| 2 0 
=] =2 0 
=] 3 0 
43. A — ] =2 1 
0 1 2 
L 2 3 1 
45. A = 1 0 2 1 
2. L =3 0 
1 1 2 1 


2 4 -2 
42. A =|4 2 -2 
8 10 —6 
1 2 3 
44.A-|0 1 4 
0.0 8 
1 0 0 0 
46. A= ose 
0 0 0 1 
0 1 0 0 


11.3 THE EIGENVALUE PROBLEM 


In Problems 47—54 find the eigenvalues and eigenvectors of 


the given matrix. 


47. (- 2) 
=F g 


49. (4 E 

16 0 

5 ed 0 
51.10 -5 9 

5 -1 0 

0 4 0 
B3 |-1 -4 o0 

0 0 -2 


— 3 0 O N O 
— 


Då- O 
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In Problems 55 and 56 show that the given matrix has 
complex eigenvalues. Find the eigenvectors of the matrix. 


2 =1 0 
-1 2 

55. 56. | 5 2 4 
=5 1 

0 I. 2 


Miscellaneous Problems 


57. If A(t) is a 2 X 2 matrix of differentiable functions and 
X(f) is a 2 X 1 column matrix of differentiable func- 
tions, prove the product rule 


d 
zi [A(0X()] = A(0X'(r + A'(0X). 
58. Derive formula (3). [Hint: Find a matrix 
B= b >) 
by, bn 


for which AB = I. Solve for b11, b12, b21, and b22. Then 
show that BA = I.] 


62. 


. If A is nonsingular and AB = AC, show that B = C. 
. If A and B are nonsingular, show that (AB) ! = B7'A7!, 


. Let A and B ben X n matrices. In general, is 


(A + B = A? + 2AB + B?? 


A square matrix A is said to be a diagonal matrix if 
all its entries off the main diagonal are zero—that is, 
aij = 0, i # j. The entries aj; on the main diagonal may 
or may not be zero. The multiplicative identity matrix I 
is an example of a diagonal matrix. 


(a) Find the inverse of the 2 X 2 diagonal matrix 


ZEN 
O0 an 
when a, # 0, a»? # 0. 


(b) Find the inverse of a 3 X 3 diagonal matrix A 
whose main diagonal entries aj; are all nonzero. 
(c) In general, what is the inverse of an n X n diagonal 


matrix A whose main diagonal entries aj; are all 
nonzero? 
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LAPLACE TRANSFORMS 


fO L{ FO} = FG) 
1 
1.1 - 
s 
2.t B 
. z 
n! 
3-1 aa? ^a positive integer 
s 
s 
5 ph/2 Var 
! 252 
a Ta + 1) 
6. t wd pes 
k 
7. sin kt 
sin FEN 
s 
8. kt 
cos 24,7 
2k? 
9. sin? kt - - 
s(s^ + AK^) 
PHIR 
10. cos? kt 5 5 5 
s(s^ + 4k) 
1 
1. e^ 
s—a 
k 
12. sinh kt >= 
sin 7gp 
s 
13. cosh kt = 
cos zg 
2k? 
14. sinh?kr a ae 
ii s(s? — 4g) 
ss — 2h 
15. cosh?kt aan 
s(s* — 4k’) 
1 
16. te“ ———À 
S= ay 
n! eee 
17. ti" e"! Goat n à positive integer 
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fq 


LPO} = Fos) 


18. e 


19. e 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


a sin kt 


at 


cos kt 


e^' sinh kt 


e“ cosh kt 


t sin kt 


t cos kt 


sin kt + kt cos kt 


sin kt — kt cos kt 


t sinh kt 


t cosh kt 


e -— et 


a—b 


ae? — be”! 
a—b 


] — cos kt 
kt — sin kt 


asin bt — bsinat 
ab(a? — D?) 


cos bt — cos at 
a — b? 


sin kt sinh kt 
sin kt cosh kt 
cos kt sinh kt 


cos kt cosh kt 


— k 
(s-a tk 


s-a 
(s-a + ke 
— k M 
(s — af — k 


s—a 


2ks 
(s? = Py 
s +k 
(s — gy 
P 
(s — a)(s — b) 
s 
(s — a)(s — b) 
ge 
s(s? + g) 
ke 
s + B) 


1 
(s? + a®)(s? 


S 


(s + a(s? 


2k?s 
st + 4k 


k(s? + 2k?) 
st + 4k 


k(s? — 2K) 
st + 4k 


sj 


st + 4k 


b?) 


b?) 
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SO Sf) = FG) 
38. Jo(kt) E 
m "TES 
gh! — gat s—a 
9, 1 
? t . s—b 
2(1 — cos kt) STE 
40. ——_ In —; 
t is” 
— 2 p 
41. 2(1 — cosh kt) ii s : k 
t S^ 
sin at a 
42. arctan (5 
t S 
sin at cos bt 1 a+b 1 a—b 
43. arctan + — arctan 
t 2 5 2 s 
44. 1 e € eur 
V mt Vs 
a 5 
45. —a?l4t —aVs 
2V TE 7 f 
—aVs 
a e 
46. erfc| —- 
ate (i 
—aVs 
E a e 
47. 2 ren rfi ( ) —— 
(ferme a 
48. e'he erf (ovi poe ) Ai 
. eeh! erfc — —— 
2 Vt Vs(Vs + b) 
3 bes 
49. —e'^eP"'erfcl b Vt + —— ) A 
e^ e’ ter «( Vit avi (Vs B) 
+ erf ( : ) 
erfc| —— 
2v 
50. e"' f(f) F(s — a) 
51. U(t — a) inm 
s 
52. f(t — a)U(t — a) e “F(s) 
53. g(t) U(t — a) e “L{ g(t + a)} 
54. {Oo s" F(s) n sD FO) "s — f" YO) 
d" 
55. t" f(t) (-1)" F(s) 
ds" 
t 
56. [ree — t)dt F(s)G(s) 
0 
57. d(t) 1 
58. ó(t — to) es 
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ANSWERS FOR SELECTED 


ODD-NUMBERED PROBLEMS 


EXERCISES 1.1 (PAGE 10) 


17. 


19. 


27. 
33. 


. linear, second order 3. linear, fourth order 
. nonlinear, second order 7. linear, third order 
. linear in x but nonlinear in y 

. domain of function is [—2, ©); largest interval of 


definition for solution is (—2, 9») 
domain of function is the set of real numbers except 
x = 2 and x = —2; largest intervals of definition for 
solution are (—%, —2), (—2, 2), or (2, ©) 

t 


—1 
x= - 2 defined on (—%, In 2) or on (In 2, o») 
ei 


m= —2 29. m=2,m=3 31. n —0,m ^ —1 
y=2 35. no constant solutions 


EXERCISES 1.2 (PAGE 17) 


31. 


ey — 4e77) 
. y =1/@? — 1); (1, %) 


y = 1/Q? + 1); (~%, o») 

x= —cos źt + 8sint 

x= X3 cost + 1sint 11. y=} e&-—ie? 
y-5e! 15,y20,y =x" 


A leans defined by either y > O ory <0 

. half-planes defined by either x > 0 or x < 0 

. the regions defined by y > 2, y < —2, or —-2<y<2 
. any region not containing (0, 0) 

. yes 

. no 

. (a) y=cx 


(b) any rectangular region not touching the y-axis 
(c) No, the function is not differentiable at x = 0. 
(b) y = 1/(1 = x) on (—9, 1); 

y= —1/@ + D on (-1, 9); 
(o) y = 0 on (=%, %) 


EXERCISES 1.3 (PAGE 27) 


1. 


11. 


dP 

— = kP +r;— = kP-r 
dt d 

dP 

— = kP — k P 

yq" k 


A 2 (i000 = ) 
Uu € x 


sa ey E 
' dt 100 
dA 7 dh 
+ A= 13, — = -— 
re M Aua y; VA 


di . dv 
15. L— + Ri = E(t) 17. m— = mg — kv? 
dt dt 
d?x dr gR? 
19. Hr di = —kx 21. d? r2 (0) 
23. 15 M 25.4k =rk>0 
“dt : UC Ri A 
23 dy “TVEY 
` dx y 


CHAPTER 1 IN REVIEW (PAGE 32) 


d 

1. Ë = 10y 3. y" +key =0 
dx 

5. y" —2y' * y - 0 7. (a), (d) 

9. (b) 11. (b) 


13. y = c, and y = ce", c, and c3 constants 
15. y =x? + y? 
17. (a) The domain is the set of all real numbers. 

(b) either (—~, 0) or (0, œ) 
19. For xo = —1 the interval is (—%, 0), and for xo = 2 the 

interval is (0, oo). 

—xlh x«0 

21. (c) y= , 

(e) » k x=0 
25. (0, oo) 2.y-ie*-le*-—2x 
29. y — 2099-3 Bog 9 beg 
31. yo = -3y1 = 0 

dP 


. — = k(P — 200 + 10r 
33. = K 00 + 107) 


23. (—c, oo) 


EXERCISES 2.1 (PAGE 41) 


21. 0 is asymptotically stable (attractor); 3 is unstable 
(repeller). 

23. 2 is semi-stable. 

25. —2 is unstable (repeller); 0 is semi-stable; 2 is 
asymptotically stable (attractor). 

27. —1 is asymptotically stable (attractor); 0 is unstable 
(repeller). 

39. 0 < Po < h/k 

41. Vmg/k 


EXERCISES 2.2 (PAGE 50) 
1. y = —;cos5x t c 3.y-le +c 
5. y= cxt QUAS. a P UP 
9. zx lng yx = zy 2y*In|y|* e 
ANS-1 
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ANS-2 ° ANSWERS FOR SELECTED ODD-NUMBERED PROBLEMS 


RETE EXERCISES 2.4 (PAGE 68) 
13. (e* + 1) * + Xe 1) =c 1. x —-xc-iy-ctTy-c 3. 2x5 + 4xy -2y!—c 


4 
15. S = cet" 17. P = —— 


1 + ce 
19. (y+ 3Pe*=cxt+4Pe 21. y= sin (4x? + c) 


5. x2y? — 3x + dy =c 7. not exact 
9. xy! + y'cosx - 3x? — c 

11. not exact 

e (i+ l/s) 13. xy — 2xe* + 2e* - 2x? =c 


23. x = tan(4t — 37) 25, y = 15. x3y? — tan`! 3x = c 
"Y 17. —In|cos x| + cos x sin y = c 
27. y six +% t= 29. y = efit 19. tty- 5P -ty +y =c 
3 — el l3 2 zu e nd 
31. (a y=2,y = yc ei 24. jx try try = y=; 
e 2. Oe Bt 
33. y = —1 and y = 1 are singular solutions of Problem 21; a ue i zu » ay " <a 8 0 
-y x= KV —% Sys 
ded d 27. k — 10 i 29 ey? cosx =c 
5.y=1 ` li 
19.3 j i 31. xy +x Sc 33. 332? + y! 2c 
37, y=1+ L tan(5x) 35. -2ye* + Ig +x=c 
41. @) y=—V¥4tx-1  (9(-9-i-iv3) 37. e^ (x2 + 4) = 20 
49. y(x) = (4h/L*)x* + a 39. (c) (x) = 2 — Vat -— + 4 


yx) = —? + Vx - 44 
EXERCISES 2.3 (PAGE 60) 
1. y = ce”, (—%, 9) 45. (a) v(x) = 8 -2 


(b) 12.7 ft/s 
“y= te + ce *, (—®, ©); ce is transient 


EXERCISES 2.5 (PAGE 74) 


3 

5. y= i tce, (— œ, œ); ce * is transient 

7. y — x nx-tcx^l, (0, ©); solution is transient 
9 


- y = cx — x cos x, (0, o) 1. y + xIn|x| = ex 
11. y — 4x — Ix + cx 4, (0, o9); cx ^^ is transient 3. (x — yln|x - y| = y + cx — y) 
13. y= xe + cx 2e, (0, ©); cx~7e™ is transient 5. x + yIn|x| = cy 
15. x = 2y° + cy, (0, oo) 7. In(@x? + y?) + 2 tan (y/x) = MT 
17. y = sin x + c cos x, (—7 /2, 7/2) 9. 4x = y(In|,y =< UL. y + 3x" In|x| = 8x? 
19. (x + De*y = x? + c, (—1, ©); solution is transient 13. In|. = iF 1 : 15. y Lex? 
21. (sec 0 + tan@)r = 0 — cos 0 + c, (—m/2, 7/2) 17. y =x+3+ ce” 19. e'? = ct 
23. y= e >* + cx le 9. (0, oo); solution is transient 21. y? = —9 yl 4 49 4-6 
25. y 2 x le* + (2 — eyx |, (0, oo) à 5 
23. y= —x — 1 + tan(x + c) 
27. j= E 4 (i, E Jem (— 0, oc) 25. 2y - 2x t sin2(x - y) 7 c 
R R D 27. 4(y — 2x + 3) = (x + oy? 
29. (x + Dy = xInx — x + 21, (0, o») 29. —cot(x + y) + esc(x + y) =x + V2-1 
2 

sle—— 0sx=3 35. (D y=- + (-1x + cx! 
31. y — 11,4 3 x 

3(@ — le, x >3 

E 
aas Pe os. esee EXERCISES 2.6 (PAGE 79) 

Cres ges, sei 


1. y2 = 2.9800, y4 = 3.1151 

. y10 = 2.5937, yoo = 2.6533; y = e” 
- ys = 0.4198, yio = 0.4124 

- 35 = 0.5639, yj = 0.5565 

. ys = 1.2194, yio = 1.2696 

. Euler: yio = 3.8191, yog = 5.9363 
47. E(t) = Ege € "RC RK4: yio = 42.9931, y = 84.0132 


S Mm E O<x<1 


X [42 Inx + (1 + 4e2)3, x>1 


37. y = e! +) me (erf(x) — erf(1)) 


Ww onl uw 


T 


CHAPTER 2 IN REVIEW (PAGE 80) 


. —A/k, a repeller for k > 0, an attractor for k < 0 

. true 

D y-o- 3) 

dx 

. semi-stable for n even and unstable for n odd; 
semi-stable for n even and asymptotically stable 
for n odd. 

11. 2x + sin 2x =2In(y?+ 1) * c 

13. (6x + Dy? = -3à + c 


15. Q = ct! + S^ (71 + 5lnt) 
17. y=} +e +4 


1 
3 
5. 
7 


19. y = csc x, (7, 277) 
21. (b) y = 1 (x + 2 Vyo — x), (y — 2 V0, ©) 


EXERCISES 3.1 (PAGE 89) 


1. 7.9 yr; 10 yr 
3. 760; approximately 11 persons/yr 
5. 11h 
7. 136.5h 
9. 1115) = 0.00098/, or approximately 0.1% of Ip 
11. 15,600 years 
13. T(1) = 36.67? F, approximately 3.06 min 
15. approximately 82.1 s; approximately 145.7 s 
17. 390° 
19. about 1.6 hours prior to the discovery of the body 
21. A(t) = 200 — 170e #59 
23. A(t) = 1000 — 1000e"/100 
25. A(t) = 1000 — 107 — 15(100 — 1); 
27. 64.38 Ib 
29. i) =2-2 


31. g(t) = qs — We iO = 5e 7" 
ides 60 —60e "  — O=t= 20 
' 60(e? — 1)e7*19, t > 20 


100 min 


= a 3 
ee į —> zas f —> œ% 


35. (a) v = = + (x P8 Jeu 


(b) v Taste 


(c) s(t) = ey E: (s P6 cum 


kk k 
ed 
k k 
k 3 
f f 
39. (a) wo = (Ert n) - 282 0 
4k\ p 4k | 


(c) 33 i seconds 


ANSWERS FOR SELECTED ODD-NUMBERED PROBLEMS e 


41. 
43. 


47. 


ANS-3 


(a) P(t) = Py eh kt 


(a) Ast — o» x(t) > r/k 
(b) x(f) = r/k — (r/kje™; (In 2)/k 
(c) 1.988 ft 


EXERCISES 3.2 (PAGE 99) 


1. (a) N = 2000 
2000 e 
f) = ———; N(10) = 1834 
(b) NO = zo q gi NU) = 183 
3. 1,000,000; 5.29 mo 
4(Py — 1) — (Py — 4)e?! 
5. (b) P(t) = (Po )— (Po La 
(P, = D = Py - e 
(c) For 0 < Po < 1, time of extinction is 
1, 4(Py — 1) 
In : 
3 Po = 4 
5 v3 V3 (220 - 5) 
7. Pi 2 2 ^ t t+ tan”! ] 
(t) 5 5 a 5 an 5 
time of extinction is 
t= : |a MP tan ! (2 = j| 
v3 v3. V3 
9. 29.3 g; X — 60 as t— ©; 0 g of A and 30g of B 
4A, V a 
11. (a) A(t) = | VH — Fn ;lisO < t < VHA,/4A, 
(b) 576 V10 s or 30.36 min 
13. (a) approximately 858.65 s or 14.31 min 


15. 


17. 


19. 


(b) 243 s or 4.05 min 


(a) v(t) = 4 t aw (. PB a 3 
k m 
where c, = tanh ^! ' Ew) 
mg 
[ERE 

(b) k 

m ( kg ) 
(c) s(t) = — 1n cosh Ey, P365 

k m 


where c; = —(m/k)ln cosh c, 
d 
(a) m^ = mg — kv? — pV, 


where p is the weight density of water 


(b) va) =, E ; PY am( — 7 p 3 
mg — pV 
(c) Np 


(a) W=0and W=2 
(b) W(x) = 2 sech? (x — ci) 
(c) W(x) = 2 sech? x 
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ANS-4 e ANSWERS FOR SELECTED ODD-NUMBERED PROBLEMS 


EXERCISES 3.3 (PAGE 110) 
1. x(t) = x9 e ^ 


XoAy 


(e^ e ^!) 


yA) = n 


y^ 


À; à ) 
f= 1- Ait + Ast 
at ) "n ( À5 m Ài i Ay = À ý 


3. 5, 20, 147 days. The time when y(f) and z(f) are the 
same makes sense because most of A and half of B 
are gone, so half of C should have been formed. 


5. u 9$ 55s 
dx; 2 2 
"o eg E 3-54 
dt 100— t 100 + t 
dx» X X 


2 
dt 100 + t ? 100— t 
(b) xi(f) + x5(f) = 150; x5(30) = 47.4 Ib 
di, P . 
— + (Ri + R) + Rii = EDO 


13. L7 


p 
D. + Rib + (R Ri = EO 


15. i(0) = io, s(0) = n — io, r(0) = 0 


CHAPTER 3 IN REVIEW (PAGE 113) 


1. dP/dt = 0.15P 
3. P(45) = 8.99 billion 


10 + VIO- y? 
5. x = 10 n( 2 ) 100 — y 
y 
7, q B5 B6 D 
1+B’ I+B 
oy BB By BaD ug 


LFB 1+B 


o _ f[4t- if, O<t< 10 
= CUM t= 10 


ac eot 
11. x( = 1 - au X004 ghit balk, 
ce 


13. x= —-y + 1 + coe? 


1 
15. (a) p(x) = E is K | q(x) ax) 


(b) The ratio is increasing; the ratio is constant. 


Kp (E 
d = ; 
OP) my + faa P9 — Marko - Be 


EXERCISES 4.1 (PAGE 128) 


1. 


3. 
9. 


11. 
13. 


15. 
19. 
23. 


25. 


27. 


29. 


35. 


1 1 - 
LI 5e” 


y = 3x — 4xlnx 
(—%, 2) 

o e : m . sinh x 
T= Bim h ABT ea 
(a) y = e* cos x — e*sinx 
(b) no solution 
(c) y=e*cosx + e 7" e sin x 
(d) y = coe" sin x, where c» is arbitrary 
dependent 17. dependent 
dependent 21. independent 


The functions satisfy the DE and are linearly independent 


on the interval since W(e ?"*, e**) = 7e* + 0; 
y = cie ** + coe”. 


The functions satisfy the DE and are linearly independent 


on the interval since W(e* cos 2x, e* sin 2x) = 2e?* # 0; 
y = ce” cos 2x + coe" sin 2x. 

The functions satisfy the DE and are linearly 
independent on the interval since Wor, x^) = xô Æ 0; 
y= cx? + cox. 


The functions satisfy the DE and are linearly independent 


on the interval since W(x, x ?, x? In x) = 9x 6 # 0; 
y=cxt cox ? + cax ? lnx. 
(b) Yp = x? + 3x + 3e?*; Yp = —2x2 e 6x cum ie" 


EXERCISES 4.2 (PAGE 132) 


1. y2 = xe” 3. y2 = sin 4x 
5. y2 = sinh x Te jay xe 
9. y; = x* In|x| 11. y2 =1 
13. y2 = x cos (ln x) 15. y =x? +x+2 
17. y, = e”, yp = - 19. y, = e”, I= 2g 
EXERCISES 4.3 (PAGE 138) 
ly-2ci- ce "^ 3. y — cie? + coe ?* 
5. y= ce ^ + coxe ^* 7T. y= ce2*3 + cze ™ 
9. y = cıcos 3x + czsin 3x 


yc + coe *+ cae 
.y7cde*-c c3€?* + caxe 
. u = cje! +e (cocos t + csin f) 
~y=cye “+ exe * + 63x 
~y=aqtoaxte”? (c3 cos 13x + c, sin 1 V3x) 
~yHeqy cosi 3% + c;sin i V3x 


. y = e?'(cicos x + cosin x) 
. y= ec, cos t V2 x + csin t V2 x) 


5x 
3x 


20-—* 


1 "M 
+ c4xcos; V3x + cx sin; V3x 


= cje" + core! + cse " + care" + cse Y 


1 
= 2cos 4x — 5 sin 4x 


u 
y 
] -(r— 1 = 
. y= ze" Dap get 1) 
y 


33. 


35. y=z-ze 
37. y = e* — xe 


39. y=0 
1 

4l. y= 
»723 


ANSWERS FOR SELECTED ODD-NUMBERED PROBLEMS e 


=6% 6x 


1 = 
+ xe 
5x 


5 1 5 
= 1 — — Mr qe 1 + — Vx. 
( 5) H à) 


5 
y = cosh V3x + —= sinh V3x 


v3 


EXERCISES 4.4 (PAGE 148) 


1. y=cje*+ ce ?* +3 
3. y= c8 + caxe? + ix +i 
5. y = qe ™™ + exe * + x — 4x + 1 
7. y = c cos V3x + c, sin V3x + (-4xt + 4x - 4) 63x 
9. y= ci t coe + 3x 
11. y = ce? + cxe? + 12 + ie" 
13. y = cı cos 2x + c sin 2x — ix cos 2x 
15. y = cı cos x + csin x — 1x? cosx + ixsinx 
17. y = cje'cos 2x + cye*sin 2x + ixe sin 2x 
19. y = c,e* + exe? — + cos x 
+ 3 sin 2x = 5; cos 2x 
21. y = c + ox + ee — ix? — £ cosx + $ sinx 
23. y= ce t exe tore x—-3-— ix 
25. y = cı cos x + c5 sin x + cax cos x + cax sin x 
tx—-2x-3 
27. y = V2 sin2x - j 
29. y = —200 + 200e ^ — 3x? + 30x 
31. y = —10e ?* cos x + 9e ?* sin x + 7e ** 
F, F 
33. x = e sin wt )- t cos wt 
w w 
35. y = 11 — lle" + 9xe* + 2x — 12x28? + 1e* 
37. y = 6 cos x — 6(cot 1) sin x + x? — 1 
—4 sin V3 
39. y=- = is + 2x 
sin V3 + V3 cos V3 
A. ee cos 2x + Š sin 2x + isinx O<x< m/2 
d $ cos 2x + 2 sin 2x, x m/2 
EXERCISES 4.5 (PAGE 156) 
1. GD - 28D + 2)y = sin x 
3. (D = 6)(D + 2)y=x-6 
5. D(D + 5)*y = e* 
7. (D — D(D - 2)(D + 5)y = xe™ 
9. D(D + 2)(D? - 2D + 4)y =4 
15. Dt 17. D(D — 2) 
19. D? +4 21. D*(D? + 16) 
23. (D + D(D — 1» 25. D(D? — 2D + 5) 
27. 1, x, x2, x3, x* 29, c6* o 3:2 
31. cos V 5x, sin V5x 33. 1, e”, xe?* 


35. 
37. 
39. 


41. 
43. 
45. 
47. 
49. 
5]. 
53. 
55. 


57. 


59. 
61. 
63. 
65. 
67. 
69. 
71. 


y= cie ?*  c3e?* — 6 
y=c,+c2e* + 3x 


y 


Sf oe Se NS ONS ONS ONS 


= ce + exe” 


cue ? + exe ?* + 3x +1 

e tox te? tot — ES + 8x 
ce ? + ce + ixe” 

cje * + ce? — et +3 

cı cos 5x + c sin 5x + i sin x 

3x axe + we 


1 
4 xe* ł 


= 1 
ug + oe xe 


€' (c, cos 2x + csin 2x) + e sin x 


lx 
41X6* — 3 


C1COS 5x + cosin 5x — 2x cos 5x 
El 3 1 3 
€ C, COS — x + c, SIN ——x 
2 2 


+ sinx + 2cosx —xcosx 
= 11 7 1 
6j PE teg eoo IX — x 
í 1 
ejd + Xe t are + ere tao 13 


X x 1.2 x 1.32 
Ci t cx t cge + caxe +r e t yx 


-— 4. 3 28% 1 


3e te | 


41 4l 5x 1.24 9 
ps + j5€ 10%  35X* 
—4 COS X = H sin x — $ cos 2x + 2x cos x 


3 ; 1 3 3 
2e™ cos 2x — Ge" sin 2x + ox Fox nx 


EXERCISES 4.6 (PAGE 161) 


aa & 


€, COS x + c sin x + x sin x + cos x In| cos x| 
. 1 

C; COS X + c sinx — 5x COS x 
. iad 

cı COS X + c sinx t 5; — Zcos 2x 


" = 1 z 
cie + coe * + 5x sinh x 


| x ett 
y=ce*+coe7* + (e In|x| — af yd p 


Xo 


Xy > 0 
y=cje *+c2e 2x + (e7* + e ?*3) In(1 + e?) 
y- cie ? + oe * — e 7 sin et 
y= qe + ote tiPe'Int - 2£e* 
y 7 cje'sinx + ce” cos x + ixe sin x 
+ ie'cos x In|cos x| 
y= lg iE 2e ES axe? = Exeo’? 
y= ze 3 e ie + ie 
. y = cixl? cos x + cax I? sin x + x7"? 


. y = c + c cosx + csin x — In| cos x| 


— sin x In| sec x + tan x| 


EXERCISES 4.7 (PAGE 168) 


1. y= cix | + cox 


2 


3. y=cy +clnx 
5. y = cı cos(2 In x) + c2 sin(2 In x) 


ANS-5 
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ANSWERS FOR SELECTED ODD-NUMBERED PROBLEMS e CHAPTER 4 


ANS-6 e 


. y = C1 t coax t ex? + cax 


.y-72( x)? 


y= cx2-V) ES cxQ* V9 


< y = cı COS E In x) + c, sin (1 In x) 
. y= cix ? + cox? lnx 


. y= xe, cos(1 V3 In x) + sin(! V3 In x)| 


|y 3 c; cos( V2 In x) T sin VZ In x) 


=3 


= 5 L 1,5 
-y-7c tox tsxlnx 


.ycjxtcoxlnx + x(n x)? 


y= cix | cox — lnx 

. y=2— 2x? 27. y = cos(ln x) + 2 sin(ln x) 
.yci- Inx + ix 31. y 2 cix I + cx? 

y= qe + ex E ax 

. y = X! [c; cos(3 In x) + c;sin(31n x)] + 4+ ax 


5(—x)!?In(—3x), x < 0 


EXERCISES 4.8 (PAGE 172) 


1. x = cie! + cote! 
y = (cy — coe’ + cate! 
3. x —c,costc co9sint - £1 
y =cısinźt— c2cost+t— 1 
B, x= te, sin t + 1c; cos t — 2c,sin V6t — 2c, cos V6t 
y= c sint + c cost + c4sin V6t + cycos V6t 
7. x= e” + coe + c,sin2t + c,cos 2t + 1e 
y = qe” + ce ? — csin 2t — c, cos 2t — 1e 
9. x =c, — ecost + c sint + 12e 
y=c + csin t + c4 cos t — i e 
11. x = qe + ce"? cos 3 V3t ce "" sin} V3t 
y= ($e - 1 v3cye^? cos  V3t 
+ (i V3c, — 3e)je7'? sins V3t 
13. x = qe“ + ie 
y= -ic e" toc, 5e 
15. x 2 c, + ct + cel + cet — iP 
y= (c= ca + 2) + (co + Dt + ece'— iP 
17. x = ce + cse"? sinl V3t + ce"? cos V3t 


e (- 1C,— 1v3ce? sin 4 V3t 
+ (1V3c, - lode 792 cos 1/31 

z— ce + (21e + 1v3c)e? sin 4 V3t 
+ (-1N36 — Loew? cos ; V3t 


< 
Il 
^ 


ANSWERS FOR SELECTED ODD-NUMBERED PROBLEMS 


19. 


21. 


23. 


x= —6c,e ! — 3coe ?! + 2c48?! 
y= cie + coe ?! + cae! 
z—5c,e t oe ?! + cue! 


y = e733 — 2, 3 
y = —e 33 4 2197363 
mx" =0 

my" = —mg; 


x=citt+c2 
y= —igf "FO F6, 


EXERCISES 4.9 (PAGE 177) 


3. y = In|cos(c, — x)| + e; 


1 1 
y = lnlex-*1|--—x-4c, 
e cy 


1 z 
3Y Cy Hxt cy 


1 
y=--V1-cir +e 
Cy 


yH=ltxtirtietin 9 456-4 
y=l+x- ix +: £X -ið +5 +. 
y=- 1- x 


CHAPTER 4 IN REVIEW (PAGE 178) 


.y=cıt coe ?* + caxe 


y=0 


. false 
. (~=, 0); (0, 2) 

ic 3x =X. —5x : 
. y = ce + ce ™  caxe 7 + cae + exe + coe’: 
+ 3x ?Inx + cax + esxlnx + c6x (In x? 


y= cie + cx? 
y= celty E cze! 7V3 


—5x 


=g = 1 si 
e^ e (e cost N/7x + c3 sint V7x) 


13. y= c, 
: 3 
15. y e» (c, cos 1 V11x + c, sin} Vix) tix +y 
a6, 22 
+ ps* — 65 
i 1 4 
17. y = cy + me” + c6 + ;sinx — ;cosx + 3x 


ey 


y= cux 1? + cox 
. y= cix? + cox? 4 x*-x^nx 


e” (ci cos x + csin x) — e*cos x In| sec x + tan x 


1/2 


. (a) y = c,cos ox + csin ox + Acos ax 


+ Bsinax, wa; 
y = c Cos wx + csin wx + Axcos wx 


+ Bxsinwx, w=a 


27. 


29. 
31. 
33. 
37. 


39. 


ANSWERS FOR SELECTED ODD-NUMBERED PROBLEMS e 


(b) y = c4e ** + ce” + Ae™, w + a; 
y = qe ° + ce" + Axe, w= a 
(a) y = cıcosh x + czsinh x + caxcosh x 
+ c4x sinh x 
(b) yp = Ax? cosh x + Bx? sinh x 


y=e* "cosx 
= l3 a 5 x : 
y=7e e X — 5sinx 
y=x?+4 
3 5 
x= xcd El 


y- cie! + coe?! — 3 
x= cie! + coe?! + te! 
y 


= —cye' + 3cs 6)! — te! + 2e! 


EXERCISES 5.1 (PAGE 194) 


11. 


. x(t) = 


(a) (z _ 1 (z) = 1 (2) - 1 
AANI 478 2 8 4 


V2 qr 
8 
—icos 4 V6t 


(5) 1 E v2 
x = =x = 
4 2 32 4 
(b) 4 ft/s; downward 

(2n + l)r 


= = 0, 1,2,... 
(c) t 16 ,n = 0,1,2, 


. (a) the 20-kg mass 


(b) the 20-kg mass; the 50-kg mass 

(c) t=n7,n=0,1,2,...; at the equilibrium position; 
the 50-kg mass is moving upward whereas the 20-kg 
mass is moving upward when n is even and 
downward when n is odd. 


1 3 V13 
. x(t) = -cos 2t + —sin 2t = sin (21 + 0.5880) 
2 4 4 
(a) x(t) = —$cos 10t + $sin 107 
= $sin(10t — 0.927) 
5 T 
b)-ft; = 
( dE 5 
(c) 15 cycles 
(d) 0.721 s 
2n * 1 
(e) a 0.0927, = 0, 1,2,... 
(f) x(3) = —0.597 ft (g) x'(3) = —5.814 ft/s 
(h) x"(3) = 59.702 ft/s? — (i) +8} ft/s 
(j) 0.1451 + a 0.3545 + = n=0,1,2,... 


(k) 0.3545 + cm = 0,1,2,... 


ANS-7 


3 
13. 120 lb/ft; x( = X: sin 8 V3 t 
17. (a) above (b) heading upward 
19. (a) a (b) heading upward 
21 18; 15, x(t j= = e 3: that is, the weight is approximately 


25. 


27. 


29. 


31. 
33. 


35. 


37. 


39. 


45. 
47. 


49. 


53. 


57. 


0. 14 ft below the ——— position. 


. (a) x(t) = ie — ie 8 


(b) sQ)e—e + fe 


(a) x(t) = e?! (—cos 4t 


I sin At) 


(b) x(t) = YS — e^! sin (4t + 4.249) 


1.294 s 
8-i W0<B<} 
V47 64 YE, 
3vV4; 5 


(c) f= 
(a) 875 


4 
«n = e z COS 7 


10 : 
+ z (cos 3t + sin 31) 


x(t) = ie *# + te — 


x(t) = 


1 
z cos 4t 

-i cos 4t + 1 sin 4f + le^ cos 4t 
— 2e ?!'sin 4t 


d?x dx 
(a) m ET = —kx—-nh)-p Or 


d?x dx j j 
ge T Ay re e D, 


where 2A = B/m and o? = k/m 
(b) x(t) = e?( B sin 27) + 


32 o: 
+ 73 sint 


56 56 
i3 COS 2t i; COS t 


x(t) = —cos 2t = ł sin 2f itsin 20 Št cos 2t 
Fo 

(b) —t sin wt 
2w 


4.568 C; 0.0509 s 


q(t) = 10 — 10e^?'(cos 3t + sin 3r) 
i(t) = 60e?! sin 35; 10.432 C 
qd, = 19 sin f F I9 cost 
ip = E cos f — m ? sin t 
q(t) = —$e ! (cos 10t + sin 107) + 3;3C 
( = ) : 
= cos 
Be Ye ic) EG 
EC 

+ VLCio sin —— = “Tey - LC cos yt 
(f) =i : 1 ( EC ) . t 
i(t) = ig cos sin 

0% ZEC VEC" LEC) VLC 

EyCy 
— —T sin yt 


1 — y?LC 
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ANS-8 e 


EXERCISES 5.2 (PAGE 204) 


1. (a) yx) = sO AL + x4) 
3. (a) yx) = a ca — 5Lx3 + 235) 
5. (a) y(x) = TUI = 1012 + 335) 


(c) x = 0.51933, Ymax ~ 0.234799 


woEl Je 
s = ——— cosh , /— 
ye) p. EL. 


7 
im Ps 
WwoEl . P WoL V EI EI 
+ sinh L 
: EI PVP P 
cosh , |—L 
EI 
4 Yo 2 q WoEI 
2P p 
9, A, =ne, n= 1,2,3,...; y = sinnx 
(2n — Pr 
11. A, = "TE ,n=1,2,3,...; 
(2n — Dx 
y = cos 
2L 
13. A, =n?,n=0,1,2,...; y = cos nx 
b DN; 
15 AV SATB Ed joe 
17. À4,7n5,n212,3,...; y = sin(n In x) 
19. A, 2 nfn’, n= 1,2,3,...; y = sin nx 
21. x= L/A, x = L/2,x =3L/4 
VT : 
25. On = Trees y = sin 
27. u(r) = (ee abas 
b-a/r b—a 


EXERCISE 5.3 (PAGE 213) 


d?x 
Ts qi 9 
15. (a) 5ft (b) 4V10ft/s (c) 0sts à V 10; 7.5 ft 


17. (a) xy" 2 r V1 + (y. 
When t = 0, x = a, y = 0, dy/dx = 0. 
(b) When r # 1, 


" Al 1 (^ 1 (9| 
y@) 2|l-crNa l—rNa 


1-p 
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When r = 1, 


(x) 1 Lg i ig 
x)= n 
yw 2|2a* P a x 


(c) The paths intersect when r < 1. 


CHAPTER 5 IN REVIEW (PAGE 216) 
. 8ft 


E 

5. False; there could be an impressed force driving the 
system. 

7. overdamped 

9. y = 0 since A = 8 is not an eigenvalue 


11. 144 Ib 13. x( = $e? + fe^ 
15. 0€ m x2 17. y= $v3 
19. x(t) = ec s cos 2 V21 + 3 V2 sin 2 V21) t£íe" 


W Em 


21. (a) q(t) = — sin 1007 + + sin 50r 
(b) i(t) = —$ cos 100: + $ cos SOF 
TT 
RH 


n 
(t= 3 


=0,1,2,... 
0 


2 


d*x 
25. mgp 50 


EXERCISES 6.1 (PAGE 230) 
L. R=; [-33) 


3 
5. x ix +2 xb 
7 a an ( 7/ 2, 7/2) 


43:9 4.3 ac b E 
ecd LX PLC Fo 


© 


. Dd (k = 2) cox" 
k=3 


11. 2c, + M2(k + Vege, + 6c, ,]x* 
k=1 


15. 5;4 


1 1 
17. = 14 3 4 6 
no) «| CD WE TT EETUS 


1 9 
+ PH 
0:8*6*5*3*2 
xt + 1 7 


1 
X 
4-3 ^ 1-6-4-3 


yo(x) =c | + 


1 
+ xD. 
10-9-7-6-4-3 


1 3 21 
19. y(x) = «| x: x xo —-- | 


1 
yo(x) =c | F 


21. yx) = «Ji 


3! 6! 9! 
22 52 22 
y(x) = | "ud t "T x! 
E culo eee 
10! 


21 
23. y\(X) = co; 90) = a> - d 


n=1 


25. yi) = oll jh t+ gx eint] 


y(x) = cilx +i +i +ixtt-- -| 


1 7 23.7 
= 2 4 | 6 
27. st = afi +7” 4.4* t "YF 
1 14 34 * 14 
yo(x) = ax 7d ii 2- s 4-7! d 


29. y(x) = jh | 


= 8x = 2e* 
31. y(x) 23 — 12x? + 4x* 
33. y(x) = cofl 


143 15 <] 
gx tiger 


| 


_ 1 
Y2(x) cl aX tim 


EXERCISES 6.2 (PAGE 239) 


1. x = 0, irregular singular point 


3. x — —3, regular singular point; 
x — 3, irregular singular point 
5. x = 0, 2i, —2i, regular singular points 
7. x — —3,2, regular singular points 
9. x = 0, irregular singular point; 
x = —5, 5, 2, regular singular points 
x(x — 1% 
11. for x = 1: p(x) = 5, q(x) = ———— 
xti 
5(x + 1 
forx = —1: p(x) = E 1 ) qx)-xTx 
13. Fi Lr = -1 
15. fi =in= 0 
22 
E m C 3/2 l1 — -x + 2 
y() = Cx | Ree ape 


3 
= 2 x3 fee 
9-7-5-3! | 


1 1 1 
L +> + eedem 
2! 3! 4! 
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17. rn =, =0 


2 2? 


Z 7/8| 1 x 
y0) e 15" 23-15-2 


X 


23 
L+H. 
31 * 23 * 15 * 3! 
2 


2 
*tc|1-2x- x 
942 


19. 7, 21, rn -0 
out yx) = C,x^| 1 + R + E 
j : 3 32.2 
| ee 
fb: + — xr +... 
33.3! 
de ac + : 2 + : Pu 
2 į 3^ "8.5.3" 


21. ri = 5,7 70 


2 1 
23. ri =3712-3 
jester os eap qe 
+ cxf —1y 412 - dx Ge -] 


25. Fi =0,n = =i 


oo 1 2 1 
= C 2n + C e 2n 
O=O d rep C0 Ln 
oo 1 = 1 
_ Cx! bj —————— gh + Cx! Y xen 
n=0 (2n + 1)! n=0 (2n)! 
1 
= —[C;sinh x + C, cosh x] 
X 
27. ri 2 1,570 
yQ) = Cx + C[xinx - 1+ 42 
ur 44...] 
29. 1 =m =0 
l a 
y(x) = Cry) + cf neo Inx + so- + re 
1 
3-3! 4-4! 


< 1 
where y,(x) = X —x" = e 
n=0 n! 
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oo —]y . Vt B 1 1 i | 
pe eager > aa " nx bis cf! a ua aa 
} 1 4 | 1 7 
y(t) =r! » wr or (Vio = cos( VA?) 3L 1 R: zx 
n=0 
sel a de 
4-7-10 2* ^3 


(c) y = Cx sin (4) + Cx cos (4) 


EXERCISES 6.3 (PAGE 250) 


EXERCISES 7.1 (PAGE 261) 
1. y = ciin) + c2J-13(%) 


3. y = c1J5/2(X) + c3J-s(x) i NL 3 Tolg 
5. y = cyJo(x) + c2¥o(x) s s '"$S g 
7. y = eJo(3x) + c2¥2(3x) 1 +e -— Tg 
9. y = c1J2/3(5x) + c2J—2/3(5X) Se TC zu 7. -e + se" 
Lo .-M2 -12 s 7 i 
1l. y= cix "^Jyp(ax) + cox "^J -yo(ax) 1 1 1 , 
13. y = x1? [a Ju (4x17) + c; Yi (4x!2)] 9,- —— t e^ ti. — 
15. y =x lei) + c2 Y] s $5 s s=1 
17. y = x? [cy J32(x) + e» Y3) 1 1 
13. s 15. = 
19. y = feJk) + E E] (s — 4) s t2s+2 
23. y = x'? [ey Jua) + c2J-1200)] jl 15, 5$ 
= Cı sin x + C5cos x "(241 um. 
25. y — x Le uo) + egal) 21 4 = 10 23 2 4 6 = 3 
1 1 i s? S i s? s? S 
= C,x73?sin(} x2) + Cx P? cos(13?) +a gi í ; 
25. > ++ 5+ - 27. - + 
35. y — cx Fy,(2 ae?) + cux. (2 o on?) st ss sos s $—4 
45. P(x), P3(x), P4(x), and Ps(x) are given in the text, 29 1 " 2 " 1 31 8 6 
P(x) = (231° — 315x* + 10532 — 5), ea een y4 |a ug 
P4(x) = i; (429x7 — 693» 315? — 35x) kt _ 5-kt 


33. Use sinh kt = e to show that 


47. à = 2, ` = 12, A3 = 30 


SL{sinh kt} = 
E 


E. s 
CHAPTER 6 IN REVIEW (PAGE 253) 1 1 2 
35. —— — — 37. ——— 

1. False 2(s—2) 2s s? 16 

=1 1 
* [723] 4cos5 + (sin5)s 
7. vo - Dy" y' +y=0 am s? + 16 
9. he 1 y, = 0 

= C,x"?|1 l E 4 2 3 iu 

via) = C| is scq t EXERCISES 7.2 (PAGE 269) 

P E deae] ge - 
u. nf a =] S.1+3¢+32418 Ta-l4eU 

yx) = cilx + ix a i "pea p 9, ie 11. > sin 7t 

= = t 

13. 1 = 3,2 -0 13. cos = 15. 2 cos 3t — 2 sin 3t 

y) = Cfi +: zx + Le + hete] 2 

1 — 1,73 36-3 
yx) = c,[1 eid 17. 3 3€ d 19. 4€ ted 4e 
0.11 —02t Epl. 3f l 6t 
15. Oss Heels cta qoos] 21. 0.3e""' + 0.6e 23.56 xe deg 
> kad = ; 
2[x ly i Ls Lx + | 25. į — į cos V5t 27. —4 + 3e™ + cost + 3 sint 

17. is A 31. y= —1- e! 


6 
19. x = 0 is an ordinary point 33. y = 5e" + Re  35.y - ie! — ie" 
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37. y = 10 cost + 2 sint — V2 sin V2t 
39. y = Seta leg Le le" 
4l. y - ie! — 1675 cos 2t + jesin 2t 
EXERCISES 7.3 (PAGE 278) 
1 6 
LS qd 
(s — 10 (s + 2) 
1 2 1 3 
5. 7 + 7. 
(s—2y (s—-3» (s—4y (s— 1° +9 
tj s—1 s+a4 
9, 
s$-25 (s — 1)? 4+ 25 (s + 4)? + 25 
11. ife 13. e" sint 
15. e ?' cos t — 2e ?' sint Ve" — te” 
19. 5 — t — 5e™ — Ate ine" 
21. y = te ^ + 2e 23. y — = + 2te' 
25.y-ittáÍ- ze t+ Pre 27. y = —5e"sin2t 
29. y= 1 = le! cos t + Ie sin f 
31. y = (e + Dte ! + (e - De" 
-; V 15 7N/15 V15 
33. x(t) = e "Aog ——t — ——À— eg 7? sin ——t 
2 10 2 
es e 25 —2s 
37. um 39. — 
5 TS 
41. EETU 43. 1 (t — 2} Ult — 2) 
45. —sin t U(t — 7) 47. Ult — 1) — ed Ut — 1) 
49. (c) 51. (f) 
53. (a) 
2.4. 
55. f(t) = 2 — 4%U(t — 35 Z(f()) =- — —-e* 
S sS 


57. 
1 
59. f() = t= 186-25 UO) - 35-7 7 -2 


61. 


63. 
65. 


67. 


69. 


71. 


FO = PUE- 1s AFO) = 25 i 2 4 


fO = Ut- a) — Ult 


b); ASO =É 


y = [5 — 5e *-9] U(t — 1) 
y= —4 + ittie™ — iUt- 1) 
— i(t— 1) Ul — 1) + 1e *-9 Ut — 1) 


y = cos 2t — z sin 2(t — 2) Ult — 2) 
+ isin (t — 27) Ult — 2) 
y sint + [1 — cos(t — MIU — a) 


— [1 ^ cos(t — 23] U(t — 27) 
x(t) =3t 5) U(t — 5) 
+ isin4(t — 5) Ul — 5) — 2 Ul — 5) 
+ F cos 4(t — 5) U(t — 5) 


5 5 5 
ig sin 4t — F(t 


73. 


75. 


ANS-11 


q(t) = 3 U(t — 3) — $e € 9 UE — 3) 
(a) i(t) = : e 10 l cos t + — sin t 
101 101 101 


10 37 
— —.95-10(-37/2) 
101 © ar - 2 s) 


10 ( 
+ cos| £ 
101 


1 
+ sv z a zm 
101 2 2 


(b) imax ^ 0.1 att = 1.7, imin ^ — 0.1 at t = 4.7 


2 


WoL^ L 
77. y(x) = R a RA 
I6Er` 12EI 24EI 
"(LY ( - d 
24EI ( j E E 
L 
79. y(x) = x uat x 
48ED 24EI 
5 
jo cal +(x- 2) ax - 2) 
60EIL 2 2 
dT 
81. (a) a k(T — 70 — 57.5t — (230 — 57.50 (t — 4)) 
EXERCISES 7.4 (PAGE 289) 
1 1 $$ -—4 
` (s + 10)? * (s? + 47 
6s + 2 12s — 24 
Ds os Te ou 
(s? = T [(s — 2)? + 36]? 
9. y= je + 500s t = itcost + itsint 
11. y = 2cos3t + > sin 3t + «t sin 3t 
13. y= isin 4t + xt sin 4t 
— i(t — m) sin 4(t — WUE — m) 
6 
17. y - iP taf 19. 3 
i: $ 23, — 
(s + D[G — 1)? + 1] s(s — 1) 
s+] 1 
25. —————— 27. ————— 
s[(s + 1? + 1] "(se 1) 
3s +1 
29. ————— 1. e-1 
ss? 1) er 
33. €- il -r-l 37. f(t) = sint 


39. fA = —gett+ietite+ire 41 fA 5 e" 


43. 


fO — se" 


1,2: 1 1 lo: 
+ ge ^" + 5cos 2t + 4sin 2f 
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45. y(t) = sint — itsint 


I 2V6 2 2 
13. x, = zsint + VO in V61 + c cost — c cos V6t 


47. i(t) = 100[e 07D — e-2007D]Qy(t — 1) 3 
= -100—2) — ,—20(t-2) ES 2. v6. 4 1 
100[e e JU — 2) x; = =sint — — sin V6t + cost + -cos V6t 
1 — ew 5 15 5 5 
49. sa +e) + e) 15. (b) b E 100 — 100 e901 
1 1 i= $0 — 80 5-900: 
a 9 9 
al (a. o jJ (c) ij = 20 — 20e 99! 
coth (75/2) 17. i, = -Pe TA » e D 1S cos t + iX sin f 
53. ——— — 
e+ i = Re + 2 ya" ?cos t + PP sint 
: 1 E 9 
55. i(t) = -(1 —e Rill) 19. i, = 8 719 cosh 50V2t — pois sinh 50V2t 
R 3$ S 10 
2 
+= XC D = e 86 9rr = n) i -i- S e=% cosh 50V2t— ov? i-is sinh 50 V2 t 
n=1 


57. x(t) = 2(1 — e™cos 3t — +e‘ sin 31) 
CHAPTER 7 IN REVIEW (PAGE 300) 


+4 > (-1)"[1 — ecos 3¢ — n7) E 
n=l Lonne 3. false 
— Letn sin 3(t — nm) | Ut — nr) dis i 
5. true 7 
stT 
EXERCISES 7.5 (PAGE 295) 5 " 
9. 11. ————— 
1. y = e? U(t — 2) s+4 (s? + 4) 
3. y = sint + sint Ut — 2) 13. 2° 15. ife 
5. y = —cos t Ut — 7) + cos t U(t — 37) 17. e?'cos 2t + Fe*'sin 2t 
T. y=} le” + B = 1g-20-0] Ult — 1) 19. cos m(t — iait — 1) + sin z(t — 1)UCt — 1) 
9. y- e X29 sin f U(t = 2) 21. —5 23. e *s-0p(s = a) 
1L. y = e" cos e 31 25. f(t) Ut — ty) 27. f(t — Ut- to) 
+ le ? sin 3(t — ar) U(t — m) 29. f) =t g NUE : Ut — 4); 
+ lg-20-38 sin 3(t — 37) U(t — 37) FO} = oa e : es, 
P, (t E j L 1 1 
Emu n —— call F 0x ec t = —(s—1) 
7 EI a ud x 2 Lief} (s = 1) (s = i 
13. y(x) = J 
PL (5 L) L 1 
X " Sx=Ll = eg 46-D 
AEI \2 12 2 s— 1 
31. f(t) = 2 + (t — 2) Ult- 2); 
2 1 
1. x = ie? + ie 3. x = —cos 3t — 3 sin 3¢ 2 1 
y- fe + ie y = 2 cos 3t — i sin 3f Le fo} = v=] + 6-1? pw 
5.x— —2e8 + ie — 5 7. x = -4t - $ V2 sin V2t 33. y = Ste! + te! 
y-ie-ig'-i y= —it +} V2 sin V2t 


25,1 35. y = =} +31 + 3e el 4 aut — 2) 
9. d sc ee i(t 2) Ut — 2) + hee CANA 


3! 4! — -2 e750-2 Y(t — 2) 
seme 100 
314! 37. y= 144+ 5 
1L x=}f +t+1-e7 39. x = =j + Ge veg 
y= —1 + het + tre y-cttie?"-ig 
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41. i( = —9 + 2t + 9e7'5 


2 3 
Wo | ORG aa a 


1 
12 EIL 5 
1 LV L 
+ a EC OEC EA 
jo j (s 3l 


" 8 - 
S LL ot + — 7 Lo Vo? + 2Kt 


43. y(x) = 


45. (a) 6,(1) = 2S 


% + Vo md 


0 
6,(f) = — COS wt 0 9 cos Va? + 2Kt 
2 2 
EXERCISES 8.1 (PAGE 310) 
1.X'- i E where X — (5 
4 8 y 
—3 4 —9 x 
3. xX’ =| 6 -1 0|X, where X = | y 
10 4 3 z 
1 -1 1 0 t =] 
5. X'=|2 1 -1|[X-4|-32|4| O] + 0 |, 
1 1 1 P —t 2 
X 
where X = | y 
Z 
x 
7. Q 4 Ay ee 
= =y + 3y — e 
t 
9. =x-yt2¢+e'— 3t 


d 
dt 
dy 
dt 
dx 
dt 
Dasr- ay tet 2e +t 
d 
dt 


= —2x + Sy + 62 + 2e" 71 


17. Yes; W(X), Xs)  -2e ?! #0 implies that X; and X5 
are linearly independent on (—, oo). 

19. No; W(X, X», X3) = 0 for every t. The solution 
vectors are linearly dependent on (— o, ~). Note 
that X5 = 2X, F X». 


EXERCISES 8.2 (PAGE 324) 


ANS-13 


1 2 1 
7. X = c,|0]e' + c4| 318! + c| 0e 
0 1 2 
-1 1 1 
9.X-—c| Ole'+c,|4]}e’+c,| -1 le? 
1 3 3 
4 -12 4 
11.X-—c| 0Ole'-tc; 6le"?-c| 2]e?^? 
-1 5 =l 
13. X = (1) 2 4 2( Pe 


ut 


Jte 
— i 7 al e (“ee 


23. X ^ c | e t c|1 1 0 Je?" 


1 


25. X =c 


EN 


0 


|e 4 1 |te’ + 


0 
27. X =c, $4 +c,||1]te'+ |1 


Cc ones 
EN 


2t t1 
29. X — -i Jer ale je 
) t+ 1 


31. Corresponding to the eigenvalue A, = 2 of multiplicity 
five, the eigenvectors are 


^ 
Il 
oocooc 
ral 
N 
Il 
ooc-oG 
a 
w 
Il 
Crocs 


cos f sin f 
33. X = af ade tes je 
2 cos t + sint 2 sin t — cost 


cos f " sin f n 
. e" + c; . e 
—cost — sin t —sint + cost 


5 cos 3t " ( 5sin3t ) 
4cos3t + 3sin3t c 4sin3t — 3cos3t 


35. X — 2 


37. X — 2 
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1 —cos t sin f t Na 
. 19. X - e + “Je! 
39. X —c,|[0| + c| cost] c3| —sint i-t =2 
0 sin t COS t 
COS t sin f COS f 
a X = P " i ) + ( | ) 
0 sin f COS t sin f —cos t sin f 
41. X = c| 2 Je’ + c| cost |e + c4| —sint Je’ dn 
1 cos t —sin t + „Jl cos t| 
28 4 cos 3t — 3 sin 3t ae cos t sint |, cost) , 
43. X =c,| —5 Je" +c, —5 cos 3t e? TAT dn m d + Gaz te 
25 0 
cos f sin t COS t 
3 cos 3t + 4 sin 3t 25. X=c + . dt 
—sin f COS Í —sin f 
tc, —5 sin 3t e?! 
0 —sin f sin t 
+ = In| cos t | 
sin t tan f cos f 
25 cos 5t — 5 sin 5t 
45. X —| -7]e' — cos 5t 7.X = af sin ‘Ve f of? a a R B sin ‘ie 
6 cos 5t cos Í —sin f 5 cost 


5 cos 5t + sin 5t 
+ 6 sin 5t 


sin 5t E 
n 


COS f 2 cost 
+ Je In| sin t| + ( Je tnjeos | 
—sint 


—lsin 


0 
tcl jese 0 Je?! 
1 


29. X=c 


EXERCISES 8.3 (PAGE 332) 


1. X= Zu 


-ie i 
Li ye 
ife" 
eQesee k 
EC iy : EE ^ 


— 2 2 
te?! + ( je + (C je + ( je 
2 0 


1 1 Be 4 (83 
5. e + ( ) "«( j t Ree 
- 3 C5 9 e =! e * 39 69 sin f 
l 2 
7. X -efo sje — ; fe“ 
2 2 EXERCISES 8.4 (PAGE 336) 
9, X = 13 ‘Je + (3 T (=) 1 At — e 0 . —At — e 0 
-1 6 6 SE T 0 e) * E 0 e?! 
1 3 11 15 
11. X =c, *ee-( y-( ) t+1 t t 
1 2 11 10 3. e^! — 


IN 
+ 


1 
s x= (Ie + «(q)e 
1\,,, 3 4 AO ~i 
Co et + e + te' 

! 2 2 t1 t t 


3 4 29, -3t 4 E i 7. X—7c| t +ce|t+1]}]4+ 6 t 
A i 0/ M -2t -2t eiei 


2 10 B = -2t —2t —2t+1 
13. X = (2o? + 2 ‘en = (3) = (3 e? 
4 4 0 
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1 0A, —3 
9. X= (e + ca( + ( J ; 


cosh t sinh £ 1 3 
11. X = Cy , T C5 zo 5 
sinh t cosh £ 1 7 
t+1 t t 9 
_ 11 
13. X = t —4)r+1)/+6 t 
—2t —2t —2t- 1 13 
ecc 5e” Lax se?! ie" ie y 
15. e = —gt + g72t -i 2t + emf » 
3 2t l ,-2r 3 2t 3 ,-2t 
— (2% — 2¢ 4€ — 4€ 
X- (E 4E E + as a: A or 
3 1 
X= a( je + a je 
e + 3te” —9te*! 15. 
17. = ( tet gi e m 


23. 


x 

ll 

S 
aS 


X= cs( Je + ca( 3) 
= Nal 3 17. 


CHAPTER 8 IN REVIEW (PAGE 337) 


. for h = 0.1, ys = 
. for h = 0.1, ys = 3.8254; 


EXERCISES 9.1 (PAGE 344) 


. forh = 0.1, ys = 2.0801; 
. for h = 0.1, ys = 0.5470; 
. forh = 0.1, ys = 0.4053; 


for h = 0.05, yio = 2.0592 
for h = 0.05, yio = 0.5465 
for h = 0.05, yio = 0.4054 
for h = 0.05, yio = 0.5495 
for h = 0.05, yio = 1.3315 


for h = 0.1, ys = 0.5503; 
1.3260; 


at x = 0.5 the actual value is y(0.5) = 3.9082 
(a) y1 = 1.2 


(0.1) D 


(b) son = 4e* = 0.02e* < 0.026"? 


= 0.0244 


(c) Actual value is y(0.1) = 1.2214. Error is 0.0214. 

(d) If h = 0.05, y; = 1.21. 

(e) Error with h = 0.1 is 0.0214. Error with h = 0.05 
is 0.0114. 


(a) yı = 0.8 
h? 0.1 
b) "OF = 5e-2¢ | oy - = 0.405e-*: = 0.025 
forO=c =0.1. 


(c) Actual value is y(0.1) = 0.8234. Error is 0.0234. 

(d) If h = 0.05, y2 = 0.8125. 

(e) Error with h = 0.1 is 0.0234. Error with h = 0.05 
is 0.0109. 


(a) Error is 19/2e *« ^, 


2 
(b) uc < 19(0.1)°(1) = 0.19 


(c) Ifh = 0.1, ys = 1.8207. 
If h = 0.05, yio = 1.9424. 


u í 
b (d) Error with A — 0.1 is 0.2325. Error with A — 0.05 
NI je ( ') (°) is 0.1109. 
5. X F ss te’ + el 
= 1 1 h2 
19. (a) Error is —— > 
2 rool’ cos E d M , (c + 1) 2 
! —sin 2t cos 2t : p En 
(b) |y (c) < (1) = 0.005 
7 
9. X ° e 4 C5 1 et lp C3 12 e^ (c) If h = 0. T. y5 ~= 0.4198. If h = 0. 05, M10. — 0.4124. 
1 =16 (d) Error with h = 0.1 is 0.0143. Error with h = 0.05 
is 0.0069. 
1 16 11 
11. X At t+ 
“le (e Cr) 
-af cost ) ( sint () EXERCISES 9.2 (PAGE 348) 
13. X T C5 y = 
COS f — sin t “\sint + cost 1 1. ys = 3.9078; actual value is y(0.5) = 3.9082 
dus 3. ys — 2.0533 5. ys — 0.5463 
t ( Jniesc: — cot t| 7. ys = 0.4055 9. ys — 0.5493 
sin f + cost 1l. ys — 1.3333 
i = 1 13. (a) 35.7130 
15. (b) X=c,| 1|-*c,| O] + | 1 Je 


a fe 
(c) v(t) = ,/—tanh,/—t; v(5) = 35.7678 
k m 
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for h = 0.05, yio = 3.8840; 
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15. 


17. 


19. 


(a) for h = 0.1, y4 = 903.0282; 
for h = 0.05, yg = 1.1 X 1055 
(a) yı = 0.82341667 


I? hs (0.1) 
Oe) = 40e72c xo WA 
(b) y ET 40e 5i - 40e F 


= 3.333 X 10°° 
(c) Actual value is y(0.1) = 0.8234134413. Error is 
3.225 X 10-5 = 3,333 X 1076. 
(d) If h = 0.05, y2 = 0.82341363. 
(e) Error with h = 0.1 is 3.225 X 1076. Error with 
h = 0.05 is 1.854 X 1077. 
24 ne 
(c +15! 
24 W 0.1» 
(b) aie (0.1) 
(c + 1 5! 5! 
(c) From calculation with h = 0.1, ys = 0.40546517. 


Il? 
(a) POT — 


= 2.0000 x 10-9 


From calculation with A = 0.05, yio = 0.40546511. 


EXERCISES 9.3 (PAGE 353) 


1. 


Un 


y(x) = —x + e*; actual values are y(0.2) = 1.0214, 
y(0.4) = 1.0918, y(0.6) = 1.2221, y(0.8) = 1.4255; 
approximations are given in Example 1. 


07232 
. for h = 02, ys = 1.5569; forh = 0.1, yio = 1.5576 
. for h = 0.2, ys = 0.2385; forh = 0.1, yio = 0.2384 


EXERCISES 9.4 (PAGE 357) 


1. 
3. 
5. 
Ts 
9. 


11. 


y(x) = —2e?*  5xe?*; y(0.2) = — 1.4918, 
y2 = —1.6800 

yı = — 1.4928, y2 = —1.4919 

yı = 1.4640, y2 = 1.4640 

xı = 8.3055, y, = 3.4199; 

x2 = 8.3055, y2 = 3.4199 

xı = —3.9123, yı = 4.2857; 

x2 = —3.9123, yo = 4.2857 

xı = 0.4179, y, = —2.1824; 

x2 = 0.4173, y2 = —2.1821 


EXERCISES 9.5 (PAGE 361) 


. yı = —5.6774, y; = —2.5807, y = 6.3226 
* yl 


—0.2259, y; = —0.3356, y3 = —0.3308, 
y4 = —0.2167 


. yı = 3.3751, y; = 3.6306, y3 = 3.6448, y4 = 3.2355, 


ys = 2.1411 


. yı = 3.8842, yo = 2.9640, yz = 2.2064, y4 = 1.5826, 


ys = 1.0681, ye = 0.6430, y; = 0.2913 
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9. y; = 0.2660, y2 = 0.5097, y = 0.7357, y4 = 0.9471, 


ys = 1.1465, yg = 1.3353, y; = 1.5149, yg = 1.6855, 
yo = 1.8474 


11. yı = 0.3492, y; = 0.7202, y, = 1.1363, y4 = 1.6233, 


ys = 2.2118, yg = 2.9386, y; = 3.8490 


13. (c) yo = —2.2755, yı = —2.0755, y2 = —1.8589, 


ys = —1.6126, y4 = —1.3275 


CHAPTER 9 IN REVIEW (PAGE 362) 


1. Comparison of numerical methods with h = 0.1: 


Improved 
Xy Euler Euler RK4 
1.10 2.1386 2.1549 2.1556 
1.20 | 2.3097 2.3439 2.3454 
1.30 2.5136 2.5672 2.5695 
1.40 2.7504 2.8246 2.8278 
1.50 3.0201 3.1157 3.1197 


Comparison of numerical methods with h = 0.05: 


Improved 
Xs Euler Euler RK4 
1.10 2.1469 2.1554 2.1556 
1.20 2.3272 2.3450 2.3454 
1.30 2.5409 2.5689 2.5695 
1.40 2.7883 2.8269 2.8278 
1.50 3.0690 3.1187 3.1197 


3. Comparison of numerical methods with h = 0.1: 


Improved 
Xn Euler Euler RK4 
0.60 0.6000 0.6048 0.6049 
0.70 0.7095 0.7191 0.7194 
0.80 0.8283 0.8427 0.8431 
0.90 0.9559 0.9752 0.9757 
1.00 1.0921 1.1163 1.1169 


Comparison of numerical methods with h = 0.05: 


Improved 
Xs Euler Euler RK4 
0.60 0.6024 0.6049 0.6049 
0.70 0.7144 0.7193 0.7194 
0.80 0.8356 0.8430 0.8431 
0.90 | 0.9657 0.9755 0.9757 
1.00 1.1044 1.1168 1.1169 


5. h = 0.2: y(0.2) = 32; h= 0.1: y(0.2) 3.23 
7. x(0.2) = 1.62, y(0.2) = 1.84 
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EXERCISES 10.1 (PAGE 370) 


1.x’ =y 
= —9 sin x; critical points at (rz, 0) 


3. 


< x x 


! = x? + y(x? — 1); critical point at (0, 0) 
5. x’ =y 


y-e-»x 


1 
critical points at (0, 0), | —,0],| ——~,0 
P ( ^ Ve ) 
7. (0, 0) and (—1, —1) 


9. (0, 0) and (4, 4) 
11. (0, 0), (10, 0), (0, 16), and (4, 12) 
13. (0, y), y arbitrary 
15. (0, 0), (0, 1), (0, — 1), (1, 0), (—1, 0) 
17. (a) x = cie! — cae! (b) x = -2e* 
y = 2c€?' + coe! y=2e' 


19. (a) x = ci(4 cos 3t — 3 sin 32) + c2(4 sin 3t + 3 cos 32) 


y = ci(5 cos 3t) + c2(5 sin 3t) 
(b) x = 4 cos 3t — 3 sin 3t 
y =5cos 3t 
21. (a) x = cq(sin t — cos De*' + ca(—sin t — cos tje“! 
y = 2ci(cos the* + 2c2(sin t)e*' 
(b) x = (sin t — cos t)e^ 
y = 2(cos t)e*! 


1 1 
23. r= ==, b0=t + c4r-4—————2,0-t1; 
VAt * ci ° V1024t + 1 
the solution spirals toward the origin as t increases. 
1 
25. r= „0 =t+ c;r= 1,0 = t(orx = cost 
Vitae? : 
and y = sin f) is the solution that satisfies X(0) = (1, 0); 
1 l , l 
r VE , 0 = tis the solution that satisfies 
4 


X(0) = (2, 0). This solution spirals toward the circle 


r = | as t increases. 


27. There are no critical points and therefore no periodic 


solutions. 


29. There appears to be a periodic solution enclosing the 


critical point (0, 0). 


EXERCISES 10.2 (PAGE 377) 


1. (a) If X(0) = Xo lies on the line y = 2x, then X(® 
approaches (0, 0) along this line. For all other 


initial conditions, X(t) approaches (0, 0) from the 


direction determined by the line y = —x/2. 

3. (a) All solutions are unstable spirals that become 
unbounded as f increases. 

5. (a) All solutions approach (0, 0) from the direction 
specified by the line y = x. 

7. (a) If X(0) = Xo lies on the line y = 3x, then X(f) 
approaches (0, 0) along this line. For all other 
initial conditions, X(t) becomes unbounded and 
y = x serves as the asymptote. 

9. saddle point 


25. 


ANS-17 


. saddle point 

. degenerate stable node 15. stable spiral 

- [p] «1 

. & € —1 fora saddle point; —1 < u < 3 for an 


unstable spiral point 


- (a) (73,4) 


(b) unstable node or saddle point 
(c) (0, 0) is a saddle point. 

(a) (3,2) 

(b) unstable spiral point 

(c) (0, 0) is an unstable spiral point. 


EXERCISES 10.3 (PAGE 386) 


39. 


r= rje" 

. x = Ois unstable; x = n + 1 is asymptotically stable. 
. T = To is unstable. 

. x = ais unstable; x = f is asymptotically stable. 

. P = cis asymptotically stable; P = a/b is unstable. 


; (i 1) is a stable spiral point. 


2 (v2, 0) and (—/2, 0) are saddle points; (4, -1 isa 


stable spiral point. 


. (1, 1) is a stable node; (1, —1) is a saddle point; (2, 2) 


is a saddle point; (2, —2) is an unstable spiral point. 


. (0, —1) is a saddle point; (0, 0) is unclassified; (0, 1) is 


stable but we are unable to classify further. 


. (0, 0) is an unstable node; (10, 0) is a saddle point; 


(0, 16) is a saddle point; (4, 12) is a stable node. 


. 0 = Q is a saddle point. It is not possible to classify 


either 0 = 7/3 or 0 = —m /3. 


. It is not possible to classify x = 0. 


. It is not possible to classify x = 0, but x = 1 / V'e and 


x = —1/ Ve and are each saddle points. 


. (a) (0, 0) is a stable spiral point. 
. (a) (1, 0), (71, 0) 


" [vol < 1 v2 


. If B > 0, (0, 0) is the only critical point and is 


stable. If 8 < 0, (0,0), (€, 0), and (— £, 0), where 
p= —a/B, are critical points. (0, 0) is stable, 


while (x, 0), and ( — £, 0) are each saddle points. 


(b) (57/6, 0) is a saddle point. 
(c) (7/6, 0) is a center. 


EXERCISES 10.4 (PAGE 393) 


1. 
5. 
9. 


11. 


17. 


| eo] < V3g/L 
; i 22 1+ x? 
(a) First show that y vo — gin t x 5) 
(a) The new critical point is (d/c — €,/c, a/b + €,/b). 
(b) yes 


(0, 0) is an unstable node, (0, 100) is a stable node, 
(50, 0) is a stable node, and (20, 40) is a saddle point. 
(a) (0, 0) is the only critical point. 
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CHAPTER 10 IN REVIEW (PAGE 395) 


1. true 3. acenter or a saddle point 
5. false 7. false 
9. a= —1 


ll. r=1 /N 3t + 1, 0 = t. The solution curve spirals 
toward the origin. 

13. (a) center 
(b) degenerate stable node 

15. (0, 0) is a stable critical point for o = 0. 

17. x = 1 is unstable; x = —1 is asymptotically stable. 

19. The system is overdamped when ? > 12 kms? and 
underdamped when B? < 12 kms?. 


EXERCISES 11.1 (PAGE 402) 


7. iVm 
9. V/z/2 
Iii — Vp; ||cos (n7rx/p)|| - Vp/2 
ac ia. (b) T= «L/2 
(c) T —2m7 (d) Tm 
(e) T = 2m (f) T= 2p 


EXERCISES 11.2 (PAGE 407) 


UNS 1 S1-(-1)" 
1. fü) Y e» sin nx 
27 T n=1 
e fp- 1 1 
3. f(x) = s + z[ ) COS hX — — sin 23 
4 zi mc nT 
2(-1)" 
5. f(x) = Lm 5| ( D, cos nx 
6 jal n 
—1] ntl 2 
* ( ium MSIE n) sin "| 
n qm 
7. f(x) = m 2$ sin nx 
n=1 
1 1 1)" 
9. f(x) = rg P LS De 1 said 
2 T.,1-m 


11. f(x) = it : 


n=1 n WT 5 
—1 n+l 
+ ) sin | 
nT 5 
2snhz[1 | à =D” 
15. f(x) = = u E +2 - , - (cosnx — n sin ZI 


19. Setx = 7/2. 
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EXERCISES 11.3 (PAGE 414) 


1. odd 3. neither even nor odd 
5. even 7. odd 
9. neither even nor odd 
2 Als (= 
11. f(x) = = sin nx 
n=1 n 
2 «(77-1 
13. f(x) = a Ys ) COS nx 
2 T n=1 n 
1 4 S(-1)" 
15. f(x) = > D cos n TX 
3 mia N 
oo (- D n+l 
17. {@) = 42 cos nx 
2 41-(-)"0 + 
19. f@ ==> CD m) sin nx 
n=1 n 
nT 
3 4 Š aan a nk nT 
21. f(x) = ri + zi 2 z cos 5 x 
2 241+ (-1)" 
23. f(x) =— + ( 2 COS nx 
T T,51.)-—n 
. nq 
1 22 sin 
25. f(x) == * — 5 COS NTX 
2 T n=1 n 
> 1 — cos — 
fœ) = — X, ———— sin nx 
T 4-1 n 
2 (—-1)" 
27. f(x) = E T nI- ag cos 2nx 
8 < . 
fa) ==> sin 2nx 
T 4m — 
n 
"E 2cos— = (-1)" — 
29. f(x) — us 5 cos nx 
4 T n=1 n? 
. n7 
42 sin — 
fo=-> 3 sin nx 
Tn=1 A 
nT 
pau uu 
31. f(x) = — 4 RE 2 2 cos 3 x 
“| 4 2 
f@ = iL sin a ( D sin x 
5 = 1" - 1 
33. f(x) 2» - t — Se e nx 
6 T n=1 n 
co 1 ntl 1)” 
fe») -4$[€ ) E 5 5 +} sin nas 
nail AT m 
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JA 
35. f(x) — P 4 iL COS nx — = sin "| Ja) = n Be nahen 
2 2 dag) 
37. fla) = ; -IEIsIm 9. fis) = 5 - 4X ED (au 
T n= = i i 
2 4 (yn 15. f(x) = IPA + iP + ÈPO — SP4Q) H 
39. x,(f) = 2 iuro sin nt TM a de a4 


T n=l n(10 — m) 


21. J() = 3PyG) + $526) — S PAD e, 
fx) = |x| on 1, 1) 


41. x(t) = + 16 See —48) OO 
108 1- (-1v[1. : 
43. xi) =— Y sin nt sin VIOt CHAPTER 11 IN REVIEW (PAGE 430) 
T4 l0- |n v10 : 
: l. true 3. cosine 
2wgL^ S CD! | nv 5. false 7. 5.5,1,0 
45. (b) y,(x) = sns 2 o sn : 
9. —— -1 SxS |, 
m Ds sin(n/2) VI-x 
47. y, (x) = | 2 cos nx 
=1 n(EIn* + k) f -1 a dnt imen 
avi-x 7" ' 
1 
EXERCISES 11.4 (PAGE 422) 13. f(x) = s+ 23h a K= = 1] cos nx 
1. y = cos a,x; a defined by cot a = a; 2 
Ai = 0.7402, Az = 11.7349, uc tas snn 
A3 = 41.4388, A4 = 90.8082 
yı = cos 0.8603x, y2 = cos 3.4256x, P == oe S 
ys = cos 6.4373x, y4 = cos 9.5293x 15. (@) fa) Le + P L4 pp CSOT 
1 36 
5. zli + sin a, | œ 2nr[1 "- (-l"e 7 . 
2 (b) f(x) = > — sin naX 
nT [nm = ] t n^ 
7. (a) w= EET Inx).m=1,2,3,.. 
In 5 In 5 (2n m 1)? 
19. A, = „n= 1,2,3,..., 


d À 
(b) jy 1* cy 70 


(c) [ * sin( inx)sin(™™ inx)dx = m n 
In5 


36 


(> -1 ) 
Ya = cos 2 minx 


LS Jia;j) 
21. = i 
fe -12 50a) 9 
9. 4 xe? *y'] + ne ^y = 0; 
dx 
f e^L,()L,(x)dx = 0, m+n EXERCISES 12.1 (PAGE 436) 
0 


1. 


11. (a) A, = 16n?, y, = sin (4n tan™! x), n=1,2,3,... 


in 
(b) ol +x 


5 sin (4m tan ! x) sin (4n tan ! x) dx = 0,m #n 


EXERCISES 11.5 (PAGE 429) 
1. o1 = 1.277, a = 2.339, «3 = 3.391, a4 = 4441 T 


oo 


1 
3. f(x) = 2 a) (9 


13. 


8. fla) = 4) ERIT 


2 et + DR(Qa,) 9 


Pont 


The possible cases can be summarized in one form 
u = c,e^:**?, where c, and c» are constants. 
u = c,e e (x a 


u = c, (xy)? 


. not separable 


u = e (Ae *' cosh ax + B,e'*' sinh ax) 
u = e '(Ase **' cos ax + Be **' sin ax) 
u =e ‘(A3x + B3) 


. u = (cı cosh ax + cosinh ax)(c3 cosh aat + c4sinh aat) 


u = (cscos ax + C6 Sin æx)(c7cos aat + cg sin aat) 
u = (cox + c10)(C11t + C12) 

u = (cı cosh ax + c» sinh ax)(c3 cos ay + c4 sin ary) 
u = (c5 cos ax + Ce sin æx)(c7 cosh ay + cg sinh ay) 
u = (cox + cio)(c11 y + C12) 
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15. For A = a? > 0 there are three possibilities: 
(i) For0 « a? « 1, 


u = (c, cosh ax + c, sinh ax)(c4 cosh V1 — a?y 
+ c,sinh V1 — o?y) 


(ii) For a? > 1, 
u = (c, cosh ax + c, sinh ax)(c3 cos Va? — Ly 
+ c, sin Va? — ly) 
(iii) For a? = 1, 
u = (c, cosh x + c, sinh x)(c3y + c4) 
The results for the case A = —o? are similar. For A = 0, 
u = (cix + c3)(c3 cosh y + c, sinh y) 
17. elliptic 19. parabolic 
21. hyperbolic 23. parabolic 
25. hyperbolic 


EXERCISES 12.2 (PAGE 442) 


^u ðu 
— =—, 0<x<L,t>0 
Ox? ðt 
ðu 
u(0,) =0, — =0,t>0 
Ox |x=L 
u(x, 0) =f), 0<x<L 
8u ðu 
3. k— = —,0<x<L,t>0 
ðx? ðt 
ð 
u(0, t) = 100, | = —hu(L, t), t> 0 
Ox |x=L 
u(x, 0) = f(x), 0O € x «L 
,9?u | Ou 
5.a^—— —,0cxx«L,t»0 
ox? Or. 
u(0, t) = 0, u(L, 1) = 0,t > 0 
ðu 
u(x, 0) = x(L — x), =0,0<x<L 
Ot |t=0 
,9)u ðu 8? 
Tod 26— = ,0cxc«L,t»0 
ox? ot | oP 


u(0, t) = 0, u(L, t) = sin wt, 120 


ðu 
= DES = << «x 
u(x, 0) = fa), | ESES? 


o? ð? 

9, 5. -200«x«40«y«2 
Ox oy~ 
ðu 
5. |, =~ 0 u4, y) =fO)0<y<2 
Ox |x=0 
ðu 


= 0, u(x, 2) =0,0<x<4 


dy ly=0 


EXERCISES 12.3 (PAGE 445) 


nT 
4 {| ~cos—— + 1 


E 3 n. a . n 
5 eg KO TID)! sin —y 
L 


n=1 


1. u(x, = 
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1 L 
3. u(x, t) = 1 [os 
0 


nT 
Uu —xd —k(n? m?^IL?)t Lum 
> (f. f(x) cos" x i) So a 


Lj 


L 
5. u(x, t) = Ze dx 


= L 
+2 2 Ju f(x) cos ui dx eg (HD) cos na 
*LÉM 5 : 


EXERCISES 12.4 (PAGE 448) 


I?&1-—(-D" nra nar 
1. ,D- cos t sin 
i ae "E L L` 
6V3 T _ 
3. u(x, t) = —>—| cos tsin—x 
T L L 
1 5ma . 
= COS t sin — x 
3* L L 
1 ma . 7 ) 
t cos t sin —x 
7? L 
5. u(x, t) = — sin at sin x 
. nT 
8h Š ua 3 nia NT 
7. u(x, t) = 5 5 7 COS L t sin L X 


11. 


15. 


17. 


. u(x, f) = e P Xa [os qut £ sin ant} sin nx, 


n=1 n 


where A, 


2 T 
= 2 fw sinnx dx and q, = Vm — B° 
TJO 


x( nig jon 
u(x, t) = A, cos —- at + B, sin— — 
i ) n-l L ip 


. nT 
at |x sin — x, 
L 


" =? [jy sin a 
where Lhe ao 
2L few nT d 
———— X) sin — x dx 
"o maa p? L 


u(x, t) = sinxcos2at + t 


1 
u(x, t) = — sin 2x sin 2at 
2a 
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EXERCISES 12.5 (PAGE 454) 


2 oo 
l. u(x, y) — Y 
d y=] 3 nr 0 
sinh — b 
a 


1 a 


QLHAT nT 
X sinh — y sin — x 
a 


oo 


2 
3. uy) - > 
xs sinh p 


—[ fe») sin 7 x dx 


LAT . nT 
X sinh — (b — y) sin — x 
a a 


1 2 e T= (= 

5. u(x, y) zx + 5 p — ——— sinh nx cos nary 
2” T^ j=) n sinh nz 
2 50- C 0'] 

7. uy) ==> 
TT n=1 n 


ncosh nx + sinhnx 


; sin ny 
n cosh na + sinh nar 


Y (A, cosh nay + B, sinh nry) sin nzx, 


9. u(x, y) = 
n=1 
1 —(-1)" 
where A, = 200 C» 
nT 
B, = 200 [1 —(-1)"] [2 = cosh n7] 
NT sinh nm 


11. u(x, y) = 23(' f(x) sin nx ax) e "' sin nx 
T n= > 


oo 


13. u(x, y) = > (a, cosh — y + B,sinh y) sin -Z Xs 
a a a 


n=1 
2-14 . NT 
where A, = — | f(x) sin — x dx 
a Jo a 


1 


2 na 
B, = ——— E sin x dx — A, cosh— b 
a 


. . HT 
sinh — b 
a 


15. u = uy + u2, where 
f= (D 
im n sinh nm 
best 
= > 
Tn=1 n 


sinh nx + sinh n(m — x) 


u(x, y) = sinh ny sin nx 


u(x, y) = 


sinh nar LÀ 
EXERCISES 12.6 (PAGE 459) 
2004 (-D"—1 
X 


n-l n 


Lari [ts 2 


3 
ay knw r 


el sin nmx 


1. u(x, f) = 100 + 


3. u(x, f) = ug — 


x [(—-1)" — Lek?" sin nzx 


11. 


13. 


15. 


ANS-21 


. u(x,t) = w(x) + Y A, e ""*' sin nax, 


n=1 
h S fee Be CP Deb 
where U(x) = gi e (e )x ] 
1 
and A, = 2| [fGx) — W(x)] sin nx dx 
0 
sinh V Ah/k x 
- (x) = ug f , | 
sinh V h/k 
_A 3 
. u(x, t) = 6a2 =) 
2A —1)" 
dig > E cos nat sin naX 
u(x, y) = (ug — u)y + ui 
2 oo —1 r -— 
qw Hurt P rany 
T 4-1 n 
1 n+1 
u(x, t) = 25 CDU CD e ?' sin nx 
n=1” n(n? m 3) 
< 1)” n 
+2% ——— D e"'sinnx 
ana? — 3) 
REO) 1 wir cost — sint| . 
u(x, f) iil ez (—1) "fa^ ii Jom 
2(—1)* 
E = 
n=1 n T 
a 


-(- 1)? ———— A 


e" ™' sin nx 
441 
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1. 


- U(X, y) = 


MTM 
n n ae 


wens 


. u(x, ft) = 


sin @ j 
u(x, t) = ond : e"! cos e, x, where 
a0 + sin? @,) 


the a, are the consecutive positive roots of cota = a/h 


co 
SA, sinh a, y sin a,x, where 


n-l 


2h 4 . 
f f(x) sin a,x dx 


sinh a, b(ah + cos? a,,a) Jo 


n 


and the a, are the consecutive positive roots of 
tan aa = —a/h 


< oad 2 [2m 
.u(x, 0) = SA, e Her eats? sin( mx, where 


2L 


n=1 


) 
TX dx 
1 


2n - 1 
PA fe 1 cosh E L 


| (==) 
2 TX sin 2 TY 


* 4 sin a, 
iz a? (ka? — 2)1 + cos?a,) 


X (e? — e Fos!) sin ax 


X cosh ( 
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EXERCISES 12.8 (PAGE 469) 


oc oo 
l. u(x, y, D) = Y, X Ape) sin mx sin ny, 
m-ln-l 


4u 0 
where A,nn = ;[1 
mn 


Plt ==" 


oo 00 
3. u(x, y, t) = 9 X Ansin mx sin ny cos a Vm? + n t, 


m=1n=1 


16 
where Amn = 3 [(- D" 
mn? Tr 


TC = 1] 


SS . . MT . NT 
Y, DAnn sinh wpn z m X Su. y, 


m-ln-l 
where «,,, = V(ma/a)? + (nm b)? 
4 b 
Ann = EB Ee ae f. y) 


ab sinh (C@ mn) Jo Jo 


5. u(x, y, z) = 


X sin x sin — y dx dy 
a b 
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1. u = c,e te» 


(uj — Uo) 
3. = ug + ——— 
px) = Uo a 
nT 3nT 
COS — = cos——— 
2h = 4 : ; 
5. u(x, t) = 5 Y T sin nat sin naX 
T G p= n 
100 S 1 — (-1)" 
7. u(x, y) = ` ; E sinh nx sin ny 
T = sinh nm 
100 41 — (-1)" 
9. u(x, y) = b Sa e ""sinny 
n 


n=1 


11. u(x,t) = e'sinx 


13. u(x, f) = e ODA, | vi? + 1cos Vr? + It 


n-l 
+ sin Vn? + 11] sin nx 
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$1 f n 
1. u(r, 0) = - B r” sin nO 
T n= 
3. u(r, 0) = id €— 
n=1” 
5. u(r, 0) = Ao + Y", cos n0 + B,sin n0), 
n-l 
il 2 
where Ao = — | f(0)40 
2T 0 


c^ 20 
A, =— | f(0)cosn0d0 
T JO 


c" 2m 
B,—-—]| f(0)sinn0d0 
T JO 
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1 
7. u(r, 0) = zi 


o 


9. u(r, 0) — 
X [A, cos n0 + B, sin n6], 


a 1 2a 
whereAoIn( -] ==] f(0)40 
b 27 0 


b n a\" 1 2 

A, = f(0) cos n0 dé 
a b TT Jo 
b\" a\" 1 2T ] 

B, = f(0) sin n0 dé 
a b T Jo 


4 & 1 — (-1)” 2n.— b?” n 
iiun se (5) sin nO 
T n= n 


m a 2n = b? 


. NT 


sin 
p 2 n 
13. u(r, 0) = 2 =) (5 cos nO 
n 


T n= 
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2 si t 
l. u(r, t) =—> ruis 


Jo(a, r) 
ac ,-, 02 J; (a, c) a E 


a sinha,(4 — 
3. u(r,z) — uo Y, ( z) 
n=1 @, sinh 4o, J (2a) 


Jo (a, r) 


cosh (a, z) 
5. u(r, 50 
dus Pu 


Jo (a, r) 
7. u(r, f) =24, Ila, re ke", 


where A,, = 


ES x rJy(a,r) f(r) dr 


9. u(r, t) = SA ite, rye ka E 
n=1 


2a2 
(o2 + h) Bla 


Ji(a, )Jo(a n) = 
11. f) = 100 + 50 S, et 
y= X a, Ji (2an) 


where A, — 


1 
f rJo(ænr) f(r) dr 
a 0 


13. (b) u(x, ) = XA, cos (a, Vg) J 2a V), 


n=1 


vL 
where A, — Eav) f (v?) dv 


ae 
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1. u(r, 60) = 50 $ ATE (5p eos 0) 
2 4 Nc 


-x C o «2j» des 
ie ez) Palcos 5 (=) Psos 6 
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3. u(r, 0) = “cos 


oo pent — Puit 
5. u(r, 0) = DA, H2ntl prt 


n=0 


P,,(cos 0), where 


p? Z a?”+! 


A, = zi rop 0) sin 0d0 
Cos sin 
pent a”™! n 2 D n 


7. u(r, 0) = M A,r?” P,, (cos 0), where 


n-0 
4n - 1 [7?? . 
2n ~ 72m f(0) P5«(cos 0) sin 0 d0 
c 
200 & (—1)" M 
d ud cdüpw cs rian 


n=1 n 


Ls nia . nTa . AT 
11. u(r, f) = — >| A, cos — t + B, sin — t | sin — r, 
F c c c 


n=1 


2 |° . NT 
where A,7-—]| rf(r) in — rdr, 
€ Jo C 


2 e . T 
B, = Í rg(r)sin —rdr 
nTa Jo c 
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2u, & 1— (-1y fry 
iuge T (5 sin n8 
Tr C 


n 


n= 


4m d md? 
3. u(r, 0)=—2 Y : — 
n 


n= 


4n 1 ,—4n il! - =] n 
5. u(r, 6) — 2% ^y a - z E cinvinb 
7. u, À 2 2e " S m a ates e*t 
n=1 1 n 
h 
y uice soy ROREM Pa d 


n=1 On cosh (4a) Ji (2a,) 


3 7 
11. u(r, 0) = |: rP,(cos 0) — g/ Palcos 0) 
+ 1 5p. ( 0) +. 
16 r° Ps(cos 
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1. (a) Let 7 = u? in the integral erf( V/f). 
7. y(t) = e*'erfc( V at) 


b a b 0 
9. Use the property f = Í ES f + f 
0 0 0 a 


EXERCISES 14.2 (PAGE 495) 


TX 
L 


. u(x, t) =f: z) d|: z) 
a a 


f 
1. u(x, t) = A cos zs sin 


w 


Un 

= 

E 

© 

| 

| 

[rs] 
PES 
~ 

| 
Q 1k 
pd. 

N 
+ 

> 

2. 

B 

> 
A 
=~ 
Da 
LLL 


7. u(x, )-a XC D^ i - mL ha a) 
n=0 a 
x ufr- EAE 2) 
a 
( trt 
a 
xa, - EEE? 2] 
a 
9. u(x, f) = 2(t — x) sinh (t — DUM — x) 


+ xe *cosht — e *tsinht 


=| 


13. u(x, f) = a - [es i) 
+t DW 
— e er Vi + Z) 


11. u(x, f) = u, + (ug — uy) e 2 


Pet — M 
15. u&, t) =— ja =D) sr gy 
TT T 
17. u(x, i) = 60 + 40 ref a Ju 2) 
(xt) = erfc | ———— — 
2Vt- 2 


1 = 
19. u(x,t) = 100| -e= ee Vi + z) 


2Vt 
+ erfi E zl 
Tum 2N/t 


E Ern 
21. u(x, f) = ug + ue TEY sin (z) 


23. u(x, 1) = u — uy XI)" |o (75) 


n-0 2N/kt 
"E (n 1 =) 
erfc 
2N/kt 
RC 
25. u(x, f) = uge 9" € e(t re) 
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2 
27. (a) u(x, = M. li tja ( 3 
0 0 0. 


(b) u(x, ) = za, z) 
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1 |” sin æ cos ax + 3(1 — cos a) sin ax 
1. f(x) = Í a 


3. f(x) = Lio) cos ax + B(o) sin ax] da, 


3a sin 3a + cos3a — 1 


where A(a) — 5 
a 
sin 3a — 3q cos 3a 
B(a) = 2 
a 
5, $09 = | esee a sin ax 
. f(x à E 
7. f= 10 |^(1 — cos a) sin OX e 
a 
ofa = 2 [* (masin za + na — 1) cos ax P 
Ti JO a 


4 |° asin ax 


i. f = i| TL 


2k |* cos ax 


13. es 
Be T Jo k^ + a? 
2 |*asin ax 
2 [*(4 — o?) cos ax 
15. = d 
fœ Í (4 + a’)? B 
8 [|^ asinax 
= d 
fœ) Ji (4 + a2? 7 
17. f(x) = : : >0 
ie Tlc-x? : 


19. Let x — 2 in (7). Use a trigonometric identity and 


replace a by x. In part (b) make the change of variable 


2x = kt. 
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Mf eter 
1. th=— CE | 
ien JE 4 a a 


l|*cosox ar 
=— e da 


«ol + a? 


Quo |” 1—e het 
3. u(x, t) = sin ax da 
T a 


da 


2|*1-— cosa usto 
5. u(x, t) — e **'sin ax da 
TJO Qa 


2|*sina kat 
7. u(x,t) - —| ——e **'cos ax da 
TJO Q 


9. (a) u(x, = Lf (rw cos aat 


sinaat\ .. 
+ G(a) ud e '* da 
aa 


2 |” sinh a(r — x) 
11. y= : d 
u(x, y) 4i (1 + o?) sinh me i SES 


100 “sin a 


—ay 


e ® cos ax da 


13. u(x, y) = 


h a(2 — 
15. u(x, y) = T F(a nha -y a y) sin ax da 
sinh 2a 


17. u(x, y) = zi LZ [e ** sin ay + e ** sin ax]d« 
1 


19. u(x, 2) = —————e 1144 kt) 
VI + 4kt 
1 [° et coshay _, 
21. u X, = e fax da 
oy 2V TJ- cosh a 
1 [* e7*"* cosh ay 


B cos ax da 
2 NJ - cosh a 
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m T sinh ay P 
. u(x, y) = cos ax 
M o a(1 + o?) cosh ar TEN 


3. t= Ri: (X 
u(x, t) = uge N 


5. u(x, f) = ['erte( 5) dt 


Uy |” sin a(r — x) + sinax _,, 
7. u(x,t) = of ( ) e kt day 
277 J—x a 


100 | */1 — 
9. uie y) E f ( cos J 
T JO Qa 


X [e ** sin ay + 2e * sin ax] da 

2l|* B cosh ay AY. 
11. u(x, y) = ^E + sin ax da 

TJo \(1 + a*)sinhar a 
1 f. COS ax + a sin ax 
2mJ- 1+ a 


13. u(x, y) = e Mt da 


15. ux, == i BE d 
. A — za Cos 
ux. A we ml ax da 
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11 14 
1 = 


© Un 5 75> 421 = 15 
3, u = u = V3/16, ty = u 3V3/16 
5. U21 = Ui = 12.50, U3) = U13 = 18.75, u32 = U23 = 37.50, 
uy, = 6.25, u22 = 25.00, u33 = 56.25 
7. (b) H4 = u41 = 0. 5427, U4 — Uy = 0. 6707, 
U34 = U43 = 0.6402, U33 = 0.4451, U44 = 0.9451 
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The tables in this section give a selection of the total number of approximations. 


1. 


ANSWERS FOR SELECTED ODD-NUMBERED PROBLEMS 


ANS-25 


Time x = 0.25 x = 0.50 x = 0.75 x = 1.00 x = 1.25 x = 1.50 x = 1.75 
0.000 1.0000 1.0000 1.0000 1.0000 0.0000 0.0000 0.0000 
0.100 0.3728 0.6288 0.6800 0.5904 0.3840 0.2176 0.0768 
0.200 0.2248 0.3942 0.4708 0.4562 0.3699 0.2517 0.1239 
0.300 0.1530 0.2752 0.3448 0.3545 0.3101 0.2262 0.1183 
0.400 0.1115 0.2034 0.2607 0.2757 0.2488 0.1865 0.0996 
0.500 0.0841 0.1545 0.2002 0.2144 0.1961 0.1487 0.0800 
0.600 0.0645 0.1189 0.1548 0.1668 0.1534 0.1169 0.0631 
0.700 0.0499 0.0921 0.1201 0.1297 0.1196 0.0914 0.0494 
0.800 0.0387 0.0715 0.0933 0.1009 0.0931 0.0712 0.0385 
0.900 0.0301 0.0555 0.0725 0.0785 0.0725 0.0554 0.0300 
1.000 0.0234 0.0432 0.0564 0.0610 0.0564 0.0431 0.0233 
Time x — 0.25 x — 0.50 x = 0.75 x = 1.00 x = 1.25 x = 1.50 x = 1.75 
0.000 1.0000 1.0000 1.0000 1.0000 0.0000 0.0000 0.0000 
0.100 0.4015 0.6577 0.7084 0.5837 0.3753 0.1871 0.0684 
0.200 0.2430 0.4198 0.4921 0.4617 0.3622 0.2362 0.1132 
0.300 0.1643 0.2924 0.3604 0.3626 0.3097 0.2208 0.1136 
0.400 0.1187 0.2150 0.2725 0.2843 0.2528 0.1871 0.0989 
0.500 0.0891 0.1630 0.2097 0.2228 0.2020 0.1521 0.0814 
0.600 0.0683 0.1256 0.1628 0.1746 0.1598 0.1214 0.0653 
0.700 0.0530 0.0976 0.1270 0.1369 0.1259 0.0959 0.0518 
0.800 0.0413 0.0762 0.0993 0.1073 0.0989 0.0755 0.0408 
0.900 0.0323 0.0596 0.0778 0.0841 0.0776 0.0593 0.0321 
1.000 0.0253 0.0466 0.0609 0.0659 0.0608 0.0465 0.0252 
Absolute errors are approximately 2.2 x 10 2, 3.7 x 102, 1.3 x 107°. 

Time x — 0.25 x — 0.50 x = 0.75 x = 1.00 x= 1.25 x = 1.50 x = 1.75 
0.00 1.0000 1.0000 1.0000 1.0000 0.0000 0.0000 0.0000 
0.10 0.3972 0.6551 0.7043 0.5883 0.3723 0.1955 0.0653 
0.20 0.2409 0.4171 0.4901 0.4620 0.3636 0.2385 0.1145 
0.30 0.1631 0.2908 0.3592 0.3624 0.3105 0.2220 0.1145 
0.40 0.1181 0.2141 0.2718 0.2840 0.2530 0.1876 0.0993 
0.50 0.0888 0.1625 0.2092 0.2226 0.2020 0.1523 0.0816 
0.60 0.0681 0.1253 0.1625 0.1744 0.1597 0.1214 0.0654 
0.70 0.0528 0.0974 0.1268 0.1366 0.1257 0.0959 0.0518 
0.80 0.0412 0.0760 0.0991 0.1071 0.0987 0.0754 0.0408 
0.90 0.0322 0.0594 0.0776 0.0839 0.0774 0.0592 0.0320 
1.00 0.0252 0.0465 0.0608 0.0657 0.0607 0.0464 0.0251 


Absolute errors are approximately 1.8 x 102, 3.7 X 1077, 1.3 x 107. 
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ANS-26 


7. (a) 


(b) 


(c) 


(d) 


9. (a) 


ANSWERS FOR SELECTED ODD-NUMBERED PROBLEMS 


Time x = 2.00 x — 4.00 x — 6.00 x — 8.00 x — 10.00 x — 12.00 x — 14.00 x — 16.00 x — 18.00 
0.00 30.0000 30.0000 30.0000 30.0000 30.0000 30.0000 30.0000 30.0000 30.0000 
2.00 27.6450 29.9037 29.9970 29.9999 30.0000 29.9999 29.9970 29.9037 27.6450 
4.00 25.6452 29.6517 29.9805 29.9991 29.9999 29.999] 29.9805 29.6517 25.6452 
6.00 23.9347 29.2922 29.9421 29.9963 29.9996 29.9963 29.9421 29.2922 23.9347 
8.00 22.4612 28.8606 29.8782 29.9898 29.9986 29.9898 29.8782 28.8606 22.4612 

10.00 21.1829 28.3831 29.7878 29.9782 29.9964 29.9782 29.7878 28.3831 21.1829 

Time x = 5.00 x = 10.00 x= 15.00 x-—20.00 x= 25.00 x = 30.00 x = 35.00 x = 40.00 x = 45.00 
0.00 30.0000 30.0000 30.0000 30.0000 30.0000 30.0000 30.0000 30.0000 30.0000 
2.00 29.5964 29.9973 30.0000 30.0000 30.0000 30.0000 30.0000 29.9973 29.5964 
4.00 29.2036 29.9893 29.9999 30.0000 30.0000 30.0000 29.9999 29.9893 29.2036 
6.00 28.8212 29.9762 29.9997 30.0000 30.0000 30.0000 29.9997 29.9762 28.8213 
8.00 28.4490 29.9585 29.9992 30.0000 30.0000 30.0000 29.9993 29.9585 28.4490 

10.00 28.0864 29.9363 29.9986 30.0000 30.0000 30.0000 29.9986 29.9363 28.0864 

Time x — 2.00 x — 4.00 x — 6.00 x — 8.00 x — 10.00 x — 12.00 x — 14.00 x — 16.00 x — 18.00 
0.00 18.0000 32.0000 42.0000 48.0000 50.0000 48.0000 42.0000 32.0000 18.0000 
2.00 15.3312 28.5348 38.3465 44.3067 46.3001 44.3067 38.3465 28.5348 15.3312 
4.00 13.6371 25.6867 34.9416 40.6988 42.6453 40.6988 34.9416 25.6867 13.6371 
6.00 12.3012 23.2863 31.8624 37.2794 39.1273 37.2794 31.8624 23.2863 12.3012 
8.00 11.1659 21.1877 29.0757 34.0984 35.8202 34.0984 29.0757 21.1877 11.1659 

10.00 10.1665 19.3143 26.5439 31.1662 32.7549 31.1662 26.5439 19.3143 10.1665 

Time x-—10.00 x= 20.00 x= 30.00 x= 40.00 x= 50.00 x = 60.00 x = 70.00 x = 80.00 x = 90.00 
0.00 8.0000 16.0000 24.0000 32.0000 40.0000 32.0000 24.0000 16.0000 8.0000 
2.00 8.0000 16.0000 23.9999 31.9918 39.4932 31.9918 23.9999 16.0000 8.0000 
4.00 8.0000 16.0000 23.9993 31.9686 39.0175 31.9686 23.9993 16.0000 8.0000 
6.00 8.0000 15.9999 23.9978 31.9323 38.5701 31.9323 23.9978 15.9999 8.0000 
8.00 8.0000 15.9998 23.9950 31.8844 38.1483 31.8844 23.9950 15.9998 8.0000 

10.00 8.0000 15.9996 23.9908 31.8265 37.7498 31.8265 23.9908 15.9996 8.0000 

Time x = 2.00 x = 4.00 x = 6.00 x = 8.00 x = 10.00 x = 12.00 x = 14.00 x = 16.00 x = 18.00 
0.00 30.0000 30.0000 30.0000 30.0000 30.0000 30.0000 30.0000 30.0000 30.0000 
2.00 27.6450 29.9037 29.9970 29.9999 30.0000 30.0000 29.9990 29.9679 29.2150 
4.00 25.6452 29.6517 29.9805 29.9991 30.0000 29.9997 29.9935 29.8839 28.5484 
6.00 23.9347 29.2922 29.9421 29.9963 29.9997 29.9988 29.9807 29.7641 27.9782 
8.00 22.4612 28.8606 29.8782 29.9899 29.9991 29.9966 29.9594 29.6202 27.4870 

10.00 21.1829 28.3831 29.7878 29.9783 29.9976 29.9927 29.9293 29.4610 27.0610 
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ANS-27 


(b) 
Time x = 5.00 x = 10.00 x-215.00 x= 20.00 x= 25.00 x = 30.00 x = 35.00 x = 40.00 x = 45.00 
0.00 30.0000 30.0000 30.0000 30.0000 30.0000 30.0000 30.0000 30.0000 30.0000 
2.00 29.5964 29.9973 30.0000 30.0000 30.0000 30.0000 30.0000 29.9991 29.8655 
4.00 29.2036 29.9893 29.9999 30.0000 30.0000 30.0000 30.0000 29.9964 29.7345 
6.00 28.8212 29.9762 29.9997 30.0000 30.0000 30.0000 29.9999 29.9921 29.6071 
8.00 28.4490 29.9585 29.9992 30.0000 30.0000 30.0000 29.9997 29.9862 29.4830 
10.00 28.0864 29.9363 29.9986 30.0000 30.0000 30.0000 29.9995 29.9788 29.3621 
(c) 
Time x = 2.00 x = 4.00 x = 6.00 x = 8.00 x = 10.00 x = 12.00 x = 14.00 x = 16.00 x = 18.00 
0.00 18.0000 32.0000 42.0000 48.0000 50.0000 48.0000 42.0000 32.0000 18.0000 
2.00 15.3312 28.5350 38.3477 44.3130 46.3327 44.4671 39.0872 31.5755 24.6930 
4.00 13.6381 25.6913 34.9606 40.7728 42.9127 41.5716 37.4340 31.7086 25.6986 
6.00 12.3088 23.3146 31.9546 37.5566 39.8880 39.1565 35.9745 31.2134 25.7128 
8.00 11.1946 21.2785 29.3217 34.7092 37.2109 36.9834 34.5032 30.4279 25.4167 
10.00 10.2377 19.5150 27.0178 32.1929 34.8117 34.9710 33.0338 29.5224 25.0019 
(d) 
Time x-—10.00 x= 20.00 x= 30.00 x= 40.00 x= 50.00 x = 60.00 x = 70.00 x = 80.00 x = 90.00 
0.00 8.0000 16.0000 24.0000 32.0000 40.0000 32.0000 24.0000 16.0000 8.0000 
2.00 8.0000 16.0000 23.9999 31.9918 39.4932 31.9918 24.0000 16.0102 8.6333 
4.00 8.0000 16.0000 23.9993 31.9686 39.0175 31.9687 24.0002 16.0391 9.2272 
6.00 8.0000 15.9999 23.9978 31.9323 38.5701 31.9324 24.0005 16.0845 9.7846 
8.00 8.0000 15.9998 23.9950 31.8844 38.1483 31.8846 24.0012 16.1441 10.3084 
10.00 8.0000 15.9996 23.9908 31.8265 37.7499 31.8269 24.0023 16.2160 10.8012 
11. (a) (x) = ix + 20 
(b) 
Time x = 4.00 x = 8.00 x = 12.00 x = 16.00 
0.00 50.0000 50.0000 50.0000 50.0000 
10.00 32.7433 44.2679 45.4228 38.2971 
30.00 26.9487 32.1409 34.0874 32.9644 
50.00 24.1178 27.4348 29.4296 30.1207 
70.00 22.8995 25.4560 27.4554 28.8998 
90.00 22.3817 24.6176 26.6175 28.3817 
110.00 22.1619 24.2620 26.2620 28.1619 
130.00 22.0687 24.1112 26.1112 28.0687 
150.00 22.0291 24.0472 26.0472 28.0291 
170.00 22.0124 24.0200 26.0200 28.0124 
190.00 22.0052 24.0085 26.0085 28.0052 
210.00 22.0022 24.0036 26.0036 28.0022 
230.00 22.0009 24.0015 26.0015 28.0009 
250.00 22.0004 24.0007 26.0007 28.0004 
270.00 22.0002 24.0003 26.0003 28.0002 
290.00 22.0001 24.0001 26.0001 28.0001 
310.00 22.0000 24.0001 26.0001 28.0000 
330.00 22.0000 24.0000 26.0000 28.0000 
350.00 22.0000 24.0000 26.0000 28.0000 
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EXERCISES 15.3 (PAGE 525) 


The tables in this section give a selection of the total number of approximations. 


1. (a) 


(c) 


3. (a) 


(b) 
Time x = 0.25 x = 0.50 x = 0.75 Time x=04 x=08 x12 x — 1.6 
0.00 0.1875 0.2500 0.1875 0.00 0.0032 0.5273 0.5273 . 0.0032 
0.20 0.1491 0.2100 0.1491 0.20 0.0652 0.4638 0.4638 0.0652 
0.40 0.0556 0.0938 0.0556 0.40 0.2065 0.3035 0.3035 0.2065 
0.60 —0.0501 — 0.0682 —0.0501 0.60 0.3208 0.1190 0.1190 — 0.3208 
0.80 —0.1361 —0.2072 —0.1361 0.80 0.3094 —0.0180 | —0.0180 0.3094 
1.00 —0.1802 —0.2591 —0.1802 1.00 0.1450 —0.0768 | —0.0768 0.1450 
Time x -—0.1 x =0.2 x =0.3 x=0.4 x=0.5 x = 0.6 x = 0.7 x = 0.8 x=0.9 
0.00 0.0000 0.0000 0.0000 0.0000 0.0000 0.5000 0.5000 0.5000 0.5000 
0.12 0.0000 0.0000 0.0082 0.1126 0.3411 0.1589 0.3792 0.3710 0.0462 
0.24 0.0071 0.0657 0.2447 0.3159 0.1735 0.2463 —0.1266 —0.3056 —0.0625 
0.36 0.1623 0.3197 0.2458 0.1657 0.0877 —0.2853 —0.2843 —0.2104 —0.2887 
0.48 0.1965 0.1410 0.1149 —0.1216 —0.3593 —0.2381 —0.1977 —0.1715 0.0800 
0.60 —0.2194 — 0.2069 —0.3875 —0.3411 —0.1901 —0.1662 — 0.0666 0.1140 —0.0446 
0.72 — 0.3003 —0.6865 —0.5097 —0.3230 —0.1585 0.0156 0.0893 —0.0874 0.0384 
0.84 —0.2647 —0.1633 —0.3546 —0.3214 —0.1763 —0.0954 —0.1249 0.0665 —0.0386 
0.96 0.3012 0.1081 0.1380 —0.0487 —0.2974 —0.3407 —0.1250 —0.1548 0.0092 
(b) 
Time x-202 x=04 x=06 x-08 Time x=02 x=04 x=06 x-08 
0.00 0.5878 0.9511 0.9511 0.5878 0.00 0.5878 0.9511 0.9511 0.5878 
0.10 0.5599 0.9059 0.9059 0.5599 0.05 0.5808 0.9397 0.9397 0.5808 
0.20 0.4788 0.7748 0.7748 0.4788 0.10 0.5599 0.9060 0.9060 0.5599 
0.30 0.3524 0.5701 0.5701 0.3524 0.15 0.5257 0.8507 0.8507 0.5257 
0.40 0.1924 0.3113 0.3113 0.1924 0.20 0.4790 0.7750 0.7750 0.4790 
0.50 0.0142 0.0230 0.0230 0.0142 0.25 0.4209 0.6810 0.6810 0.4209 
0.30 0.3527 0.5706 0.5706 0.3527 
0.35 0.2761 0.4467 0.4467 0.2761 
0.40 0.1929 0.3122 0.3122 0.1929 
0.45 0.1052 0.1701 0.1701 0.1052 
0.50 0.0149 0.0241 0.0241 0.0149 
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5. 
Time x=10 x=20 x = 30 x = 40 x = 50 
0.00000 0.1000 0.2000 0.3000 0.2000 0.1000 
0.60134 0.0984 0.1688 0.1406 0.1688 0.0984 
1.20268 0.0226 —0.0121 0.0085 —0.0121 0.0226 
1.80401 —0.1271 —0.1347 —0.1566 —0.1347 —0.1271 
2.40535 — 0.0920 —0.2292 —0.2571 —0.2292 — 0.0920 
3.00669 — 0.0932 —0.1445 —0.2018 —0.1445 — 0.0932 
3.60803 —0.0284 —0.0205 0.0336 —0.0205 —0.0284 
4.20936 0.1064 0.1555 0.1265 0.1555 0.1064 
4.81070 0.1273 0.2060 0.2612 0.2060 0.1273 
5.41204 0.0625 0.1689 0.2038 0.1689 0.0625 
6.01338 0.0436 0.0086 — 0.0080 0.0086 0.0436 
6.61472 —0.0931 —0.1364 —0.1578 —0.1364 —0.0931 
7.21605 —0.1436 —0.2173 —0.2240 —0.2173 —0.1436 
7.81739 — 0.0625 —0.1644 —0.2247 —0.1644 — 0.0625 
8.41873 —0.0287 —0.0192 — 0.0085 —0.0192 —0.0287 
9.02007 0.0654 0.1332 0.1755 0.1332 0.0654 
9.62140 0.1540 0.2189 0.2089 0.2189 0.1540 
Note: Time is expressed in milliseconds. 
CHAPTER 15 IN REVIEW (PAGE 526) EXERCISES FOR APPENDIX I (PAGE APP-2) 
1. uj; = 0.8929, u21 = 3.5714, u31 = 13.3929 AV 8V 7 
1. (a) 24 (b) 720 (c) —— (d) — —— 
3 15 
3. 0.297 
3.(a) 
x = 0.20 x = 0.40 x = 0.60 x = 0.80 EXERCISES FOR APPENDIX II (PAGE APP-18) 
0.2000 0.4000 0.6000 0.8000 1. (a) ( 1) (b) [E J 
0.2000 0.4000 0.6000 0.5500 2 =l 14 —19 
0.2000 0.4000 0.5375 0.4250 2 28 
0.2000 0.3844 0.4750 0.3469 (c) ( ) 
0.1961 0.3609 0.4203 0.2922 12 12 
0.1883 0.3346 0.3734 0.2512 | E 6 (- 32 2) 
3. (a b 
(a) 17 —22 (b) —4 
19 —18 19 
(b) (c) ( (d) ( °) 
—30 31 3 22 
x — 0.20 x — 0.40 x — 0.60 x — 0.80 5. (a) E P (b) (_ 2 : 
3 -9 6 —16 
0.2000 0.4000 0.6000 0.8000 0 0 —4 
0.2000 0.4000 0.6000 0.8000 (c) 0 0 (d) 8 
0.2000 0.4000 0.6000 0.5500 
0.2000 0.4000 0.5375 0.4250 
0.2000 0.3844 0.4750 0.3469 
7 1 16 2 
0.1961 0.3609 0.4203 0.2922 po I9 (b) s o 
10 20-25 
6 
(c) Yes; the table in part (b) is the table in part (a) (c) | 12 
shifted downward. =3 
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9. 


11. 


13. 
15. 
17. 


19. 


21. 


23. 


25. 


27. 


29. 


31. 
33. 


7 38 
(a) T x (b) ( 


C 
e 


4 a 
10 75 


singular 
1/-5 -8 
nonsingular; A^! = H ) 
4\3 4 
0 —1 1 
nonsingular; A^! = 2 2 -2 
=A =3 5 
1 m9 .-29 =] 
nonsingular; A! = — -| —13 5 7 
8 —-1 —5 
1 3e" —e“ 
A Kt) = ( ) 
(0 2e \—4e™ 2e" 
TEN =f 
dX T6" 
Z2 = | -2e 
dt T 
Te” 


4e“ 
w ( 2 6t 
© a -a (Hm) sin n 
t^ F=f 
x3 yel pe-5 
x=2+4ty=-5-t,z=t 
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35. 


37. 


41. 


43. 


45. 


47. 


49. 


51. 


53. 


55. 


r= -hy=he=} 
x, = 1,x%, = 0,x3 = 2,x, = 0 
0 $ 3j 
A'=|{0 —i -3 
7 0 
5 6 —3 
A`! = 2 2 =Í 
=} =| 1 
LL A x 7 
2 3 6 6 
1 1 1 4 
A` = 3 3 3 
o = 3 
— d$ $» 3 
2 
Xr, 6, Ay 1, K, (7), K, 
"-— 
1 2 » WK, A 
A, = 0, Ar = 4, A; 4, 
9 1 
K, = | 45 ], K, = | 1], K, = 
25 1 
A, = A. = A3 = -2, 
2 0 
K =| -1], K, =|0 
0 1 
A, = 3i, A, —3i, 
1+ 31 


INDEX 


A 


Absolute convergence of a power 
series, 220 
Absolute error, 78 
Acceleration due to gravity, 24—25, 182 
Adams-Bashforth-Moulton method, 351 
Adams-Bashforth predictor, 351 
Adams-Moulton corrector, 351 
Adaptive numerical method, 348 
Addition: 
of matrices, APP-4 
of power series, 221—222 
Aging spring, 185, 245 
Agnew, Ralph Palmer, 32, 138 
Air resistance: 
proportional to square of velocity, 29 
proportional to velocity, 25 
Airy's differential equation, 186, 226, 
229, 245 
solution curves, 229 
solution in terms of Bessel 
functions, 251 
solution in terms of power 
series, 224—226 
Algebra of matrices, APP-3 
Algebraic equations, methods for 
solving, APP-10 
Alternative form of second translation 
theorem, 276 
Ambient temperature, 21 
Amperes (A), 24 
Amplitude: 
damped, 189 
of free vibrations, 184 
Analytic at a point, 221 
Anharmonic overtones, 483 
Annihilator approach to method of 
undetermined coefficients, 150 
Annihilator differential operator, 150 
Approaches to the study of 
differential equations: 
analytical, 26, 44, 75 
numerical, 26, 75 
qualitative, 26, 35, 37, 75 
Aquifers, 115 
Arc, 366 
Archimedes' principle, 29 
Arithmetic of power series, 221 
Associated homogeneous differential 
equation, 120 
Associated homogeneous system, 309 
Asymptotically stable critical point, 
40-41, 379 
Attractor, 41, 314, 377 


Augmented matrix: 
definition of, APP-10 
elementary row operations on, APP-10 
in reduced row-echelon form, APP-11 
in row-echelon form, APP-10 
Autonomous differential equation: 
first-order, 37 
second-orer, 177 
Autonomous system, 364 
as mathematical models, 388 
Auxiliary equation: 
for Cauchy-Euler equations, 163 
for linear equations with constant 
coefficients, 134 
roots of, 137 
Axis of symmetry, 199 


B 


Backward difference, 359 
Banded matrix, 515 
Ballistic pendulum, 216 
Beams: 
cantilever, 200 
deflection curve of, 199 
embedded, 200 
free, 200 
simply supported, 200 
static deflection of, 199 
supported on an elastic foundation, 302 
Beats, 197 
Bending of a thin column, 252 
Bernoulli's differential equation, 72 
Bessel functions: 
aging spring and, 245 
differential recurrence relations 
for, 246-247 
of first kind, 242 
graphs of, 243 
modified of the first kind, 244 
modified of the second kind, 244 
numerical values of, 246 
of order v, 242-243 
of order 1, 247 
properties of, 245 
recurrence relation for, 246—247, 251 
of second kind, 243 
spherical, 247 
zeros of, 246 
Bessel’s differential equation: 
general solution of, 243 
modified of order v, 244 
of order v, 242 
parametric of order v, 244 
solution of, 241—242 


Bessel series, 424 

Boundary conditions, 119, 200 
homogeneous, 418 
nonhomogeneous, 418 
periodic, 206 
separated, 418 

Boundary-value problem: 
homogeneous, 418, 455 
nonhomogeneous, 418, 455 
numerical methods for PDEs, 511 
numerical methods for ODEs, 358 
for an ordinary differential equations, 

119, 199 

for a partial differential equation, 441 
periodic, 420 
shooting method for, 361 
singular, 420 

Boundary point, 513 

Branch point, 109 

Buckling modes, 202 

Buckling of a tapered column, 240 

Buckling of a thin vertical column, 202 

Buoyant force, 29 

BVP, 119 


C 


Calculation of order h”, 341 
Cantilever beam, 200 
Capacitance, 24 
Carbon dating, 84 
Carrying capacity, 94 
Catenary, 210 
Cauchy-Euler differential equation, 
162-163 
auxiliary equation for, 163 
method of solution for, 163 
reduction to constant coefficients, 167 
Center, 375 
Center of a power series, 220 
Central difference, 359 
Central difference approximation, 359 
Chain pulled up by a constant force, 212 
Characteristic equation of a matrix, 
312, APP-15 
Characteristic values, APP-14 
Characteristic vectors, APP-14 
Chebyshev’s differential equation, 430 
Chemical reactions: 
first-order, 22, 83 
second-order, 22, 97 
Circuits, differential equations of, 24, 
29, 192 
Circular frequency, 183, 324 
Clamped end of a beam, 200 


INDEX 


INDEX 


1-2 ° INDEX 


Classification of critical points, 376, 383 
Classification of ordinary 
differential equations: 
by linearity, 4 
by order, 3 
by type, 2 
Closed form solution, 9 
Clepsydra, 103-104 
Coefficient matrix, 304—305 
Cofactor, APP-8 
Column bending under its own weight, 252 
Column matrix, APP-3 
Competition models, 109, 392-393 
Competition term, 95, 392 
Complementary error function, 59, 489 
Complementary function: 
for a linear differential equation, 126 
for a system of linear differential 
equations, 309 
Complete orthogonal set, 402 
Complex form of a Fourier integral, 502 
Complex form of a Fourier series, 408 
Concentration of a nutrient in a cell, 112 
Continuing method, 350 
Continuous compound interest, 89 
Contour integral, 504 
Convergence, conditions of: 
Fourier-Bessel series, 426 
Fourier integrals, 499 
Fourier series, 405 
Fourier-Legendre series, 428 
Convergent improper integral, 256 
Convergent power series, 220 
Convolution of two functions, 283 
Convolution theorem, Fourier 
transform, 509 
Convolution theorem, Laplace 
transform, 284 
inverse form of, 285 
Cooling/Warming, Newton’s Law of, 
21, 85-86 
Cosine series, 409 
in two variables, 468 
Coulombs (C), 24 
Coupled pendulums, 302 
Coupled springs, 295—296, 299 
Cover-up method, 268—269 
Cramer's Rule, 158, 161 
Crank-Nicholson method, 520-521 
Critical loads, 202 
Critical point of an autonomous first-order 
differential equation: 
asymptotically stable, 40—41 
definition of, 37 
isolated, 43 
semi-stable, 41 
stability criteria for, 381 
unstable, 41 
Critical point of plane autonomous 
system, 366 
asymptotically stable, 379 
locally stable, 370, 379 


stable, 379 

unstable, 370, 379 
Critical speeds, 205-206 
Critically damped series circuit, 192 
Critically damped spring/mass system, 18 
Curvature, 178, 199 
Cycle, 366 
Cycloid, 114 


D 


D'Alembert's solution, 449—450 
Damped amplitude, 189 
Damped motion, 186, 189 
Damped nonlinear pendulum, 214, 394 
Damping constant, 186 
Damping factor, 186 
Daphnia, 95 
Darcy's law, 115 
DE, 2 
Dead sea scrolls, 85 
Death rate due to predation, 391 
Decay, radioactive, 21, 22, 83-84 
Decay constant, 84 
Definition, interval of, 5 
Deflection of a beam, 199 
Deflection curve, 199 
Degenerate nodes, 374 
Density-dependent hypothesis, 94 
Derivative notation, 3 
Derivatives of a Laplace transform, 282 
Determinant of a square matrix, APP-6 
expansion by cofactors, APP-6 
Diagonal matrix, APP-20 
Difference equation, 359 
replacement for an ordinary differential 
equation, 359 
replacement for a partial differential 
equation, 512, 518, 522-23 
Difference quotients, 359 
Differential, exact, 63 
Differential equation: 
autonomous, 37, 77 
Bernoulli, 72 
Cauchy-Euler, 162-163 
definition of, 2 
exact, 63 
families of solutions for, 7 
first order, 34 
higher order, 117 
homogeneous, 53, 120, 133 
homogeneous coefficients, 71 
linear, 4, 53, 118-120 
nonautonomous, 37 
nonhomogeneous, 53, 125, 
140, 150, 157 
nonlinear, 4 
normal form of, 4 
notation for, 3 
order of, 3 
ordinary, 2 
partial, 3, 433 


Riccati, 74 
separable, 45 
solution of, 5 
standard form of, 53, 131, 157, 223, 231 
systems of, 8 
type, 2 
Differential equations as mathematical 
models, 1, 19, 82, 181 
Differential form of a first-order 
equation, 3 
Differential of a function of two 
variables, 63 
Differential operator, 121, 150 
Differential recurrence relation, 246-247 
Differentiation of a power series, 221 
Diffusion equation, 442 
Dirac delta function: 
definition of, 202—293 
Laplace transform of, 293 
Direction field of a first-order differential 
equation, 35 
for an autonomous first-order 
differential equation, 41 
method of isoclines for, 37, 42 
nullclines for, 42 
Dirichlet condition, 440 
Dirichlet problem, 452, 513 
for a circle, 472 
for a rectangle, 452—453 
for a sphere, 484 
Discretization error, 341 
Distributions, theory of, 294 
Divergent improper integral, 256 
Divergent power series, 220 
Domain: 
of a function, 6 
of a solution, 5-6 
Dot notation, 3 
Double cosine series, 468 
Double eigenvalues, 474 
Double pendulum, 298 
Double sine series, 468 
Double spring systems, 195, 
295—296, 299 
Draining of a tank, 28, 100, 104—105 
Driven motion, 189 
Driving function, 60, 182 
Drosophila, 95 
Duffing's differential equation, 213 
Dynamical system, 27, 365 


E 


Effective spring constant, 195, 217 
Eigenfunctions of a boundary-value 
problem, 181, 202, 416, 444 
Eigenvalues of a boundary-value problem, 
181, 202, 416-417, 444 
Eigenvalues of a matrix, 312, APP-14 
complex, 320 
distinct real, 312 
repeated, 315 


Eigenvalues of multiplicity m, 316 
Elastic curve, 199 
Electrical series circuits, 24, 29, 
87, 192 
analogy with spring/mass systems, 192 
Electrical networks, 109—110, 297 
Electrical vibrations, 192 
forced, 193 
Elementary functions, 9 
Elementary row operations, APP-10 
notation for, APP-11 
Elimination methods: 
for systems of algebraic equations, 
APP-10 
for systems of ordinary differential 
equations, 169 
Embedded end of a beam, 200, 449 
Elliptic linear partial differential equation, 
435, 512 
Environmental carrying capacity, 94 
Equality of matrices, APP-3 
Equation of motion, 183 
Equilibrium point, 37, 377 
Equilibrium position, 182, 183 
Equilibrium solution, 37, 366 
Error: 
absolute, 78 
discretization, 349 
formula, 349 
global truncation, 342 
local truncation, 341—342, 343, 347 
percentage relative, 78 
relative, 78 
round off, 340—341 
Error function, 59, 489 
Escape velocity, 214 
Euler-Bernoulli beam equation, 460 
Euler load, 202 
Euler's constant, 245 
Euler's formula, 134 
derivation of, 134 
Euler's method, 76 
improved method, 342 
for second-order differential 
equations, 353 
for systems, 353, 357 
Evaporation, 101 
Even function, 408 
properties of, 408—409 
Exact differential, 63 
criterion for, 63 
Exact differential equation, 63 
method of solution for, 64 
Excitation function, 128 
Explicit finite difference method, 518 
Existence and uniqueness of a solution, 
15, 118, 306 
Existence, interval of, 5, 16 
Explicit solution, 6 
Exponential growth and decay, 83-84 
Exponential matrix, 334 
Exponential order, 259 


Exponents of a singularity, 235 
Extreme displacement, 183 


F 


Factorial function, APP-1 
Falling body, 25, 29, 44, 91-92, 101-102 
Falling chain, 69—70, 75 
Family of solutions, 7 
Farads (f), 24 
Fick's law, 114 
Finite difference approximations, 358 
Finite difference equation, 359 
Finite differences, 359 
First buckling mode, 202 
First harmonic, 448 
First normal mode, 448 
First-order chemical reaction, 22, 83 
First-order differential equations: 
applications of, 83-105 
methods for solving, 44, 53, 62, 70 
First-order initial-value problem, 13 
First-order Runge-Kutta method, 345 
First-order system of differential 
equations, 304 
linear system, 304 
First standing wave, 448 
First translation theorem, 271 
inverse form of, 271 
Five-point approximation to 
Laplacian, 512 
Flexural rigidity, 199 
Flux of heat, 440 
Focus, 377 
Folia of Descartes, 11, 387 
Forced electrical vibrations, 193 
Forced motion of a spring/mass 
system, 189-190 
Forcing function, 128, 182, 189 
Forgetfulness, 30, 93 
Formula error, 341 
Forward difference, 359 
Fourier-Bessel series: 
conditions for convergence, 426 
definition of, 424—426 
forms of, 425-426 
Fourier coefficients, 404 
Fourier cosine series, 409 
Fourier cosine transform: 
of derivatives, 506 
definition of, 505 
existence of, 505 
inverse of, 505 
operational properties of, 505—506 
Fourier integral: 
complex form of, 502 
conditions for convergence, 499 
cosine form of, 500 
definition of, 498—499 
sine form of, 500 
Fourier-Legendre series: 
alternative forms of, 429, 430 
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conditions for convergence, 428 

definition of, 427 
Fourier series: 

complex form of, 408 

conditions for convergence, 405 

definition of, 404—405 

fundamental period of, 406 

generalized, 402 

sequence of partial sums of, 406-407 
Fourier sine series, 409—410 
Fourier sine transform: 

definition of, 505 

of derivatives, 506 

existence of, 505 

inverse of, 505 

operational properties of, 505—506 
Fourier transform: 

convolution theorem for, 509 

definition of, 504 

of derivatives, 505 

existence of, 505 

inverse of, 504 

operational properties of, 505 
Fourier transform pairs, 504—505 
Fourth-order Runge-Kutta method, 78, 346 

for second-order differential equations, 

353-254 
for systems of first-order equations, 
355-356 

Truncation errors for, 347 
Free electrical vibrations, 192 
Free-end conditions, 200 
Free motion of a spring/mass system: 

damped, 186 

undamped, 182-183 
Freely falling body, 24—25, 29, 91-92 
Frequency: 

circular, 183 

of motion, 183 

natural, 183 
Frequency response curve, 198 
Fresnel sine integral, 60, 62 
Frobenius, method of, 233 

three cases for, 237—238 
Frobenius’ theorem, 233 
Full-wave rectification of sine function, 291 
Functions defined by integrals, 59 
Fundamental frequency, 448 
Fundamental matrix, 329 
Fundamental mode of vibration, 448 
Fundamental period, 402, 406 
Fundamental set of solutions: 

existence of, 124, 308 

of a linear differential equation, 124 

of a linear system, 308 


G 


g, 182 

Galileo, 25 

Gamma function, 242, 261, APP-1 
Gauss’ hypergeometric function, 250 
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Gauss-Jordan elimination, 315, APP-10 
Gauss-Seidel iteration, 515 
Gaussian elimination, APP-10 
General form of a differential 
equation, 3 
General solution: 
of Bessel’s differential equation, 
242—243 
of a Cauchy-Euler differential equation, 
163-165 
of a differential equation, 9, 56 
of a homogeneous linear differential 
equation, 124, 134-135 
of a nonhomogeneous linear differential 
equation, 126 
of a homogeneous system of linear 
differential equations, 308, 312 
of a linear first-order differential 
equation, 56 
of a nonhomogeneous system of linear 
differential equations, 309 
Generalized factorial function, APP-1 
Generalized Fourier series, 402 
Generalized functions, 294 
Gibbs phenomenon, 410 
Global truncation error, 342 
Gompertz differential equation, 97 
Green's function, 162 
Growth and decay, 83-84 
Growth constant, 84 


H 


Half-life, 84 
of carbon-14, 84 
of plutonium, 84 
of radium-226, 84 
of uranium-238, 84 
Half-range expansions, 411 
Half-wave rectification of sine 
function, 291 
Hard spring, 208, 387 
Harvesting of a fishery, model of, 
97, 99-100 
Heart pacemaker, model of, 62, 93 
Heaviside function, 274 
Heat equation: 
difference equation replacement of, 518 
one dimensional, 437, 443 
in polar coordinates, 477 
two dimensional, 466 
Henries (h), 24 
Hermite polynomials, 423 
Hermite’s differential equation, 423 
Higher-order differential equations, 
117, 181 
Hinged ends of a beam, 200 
Hole through the Earth, 30 
Homogeneous differential equation: 
linear, 53, 120 
with homogeneous coefficients, 71 
Homogeneous function of degree a, 71 


Homogeneous systems: 
of algebraic equations, APP-15 
of linear first-order differential 
equations, 304 
Hooke’s law, 30, 182 
Hyperbolic linear partial differential 
equation, 435, 512 


Identity matrix, APP-6 
Immigration model, 102 
Impedance, 193 
Implicit finite difference method, 520 
Implicit solution, 6 
Improved Euler method, 342 
Impulse response, 294 
Indicial equation, 235 
Indicial roots, 235 
Inductance, 24 
Inflection, points of, 44, 96 
Inhibition term, 95 
Initial condition(s), 13, 118, 440 
for an ordinary differential equation, 
13, 118, 176 
for a system of linear first-order 
differential equations, 306 
Inner product of functions, 398 
properties of, 398 
Input, 60, 128, 182 
Insulated boundary, 440 
Integral curve, 7 
Integral of a differential equation, 7 
Integral equation, 286 
Integral, Laplace transform of, 285 
Integral transform, 256, 504 
inverse of, 504 
kernel of, 256, 504 
pair, 504 
Integrating factor(s): 
for a nonexact first-order differential 
equation, 66-67 
for a linear first-order differential 
equation, 55 
Integration of a power series, 221 
Integrodifferential equation, 286 
Interactions, number of, 107—108 
Interest compounded continuously, 89 
Interior mesh points, 359 
Interior point, 513 
Interpolating function, 349 
Interval: 
of convergence, 220 
of definition, 5 
of existence, 5 
of existence and uniqueness, 15-16, 
118, 306 
of validity, 5 
Inverse Fourier cosine transform, 505 
Inverse Fourier sine transform, 505 
Inverse Fourier transform, 504 
Inverse integral transform, 504 


Inverse Laplace transform, 262—263 
linearity of, 263 
Inverse matrix: 
definition of, APP-7 
by elementary row operations, APP-13 
formula for, APP-8 
Irregular singular point, 231 
Isoclines, 37, 42 
Isolated critical point, 43 
Isotherms, 452-453 
IVP, 13 


J 


Jacobian matrix, 381—382 


K 


Kernel of an integral transform, 256, 504 
Kinetic friction, 218 

Kirchhoff’s first law, 109 

Kirchhoff’s second law, 24, 109 


L 


Laguerre’s differential equation, 291, 423 
Laguerre polynomials, 291, 423 
Laplace transform: 
behavior as s — oo, 260 
convolution theorem for, 284 
definition of, 256 
of a derivative, 265 
derivatives of, 282 
of Dirac delta function, 293 
existence, sufficient conditions for, 259 
of a function of two variables, 490-491 
of an integral, 284, 285 
inverse of, 262, 504 
of linear initial-value problem, 265—266 
linearity of, 256 
of a periodic function, 287 
of systems of linear differential 
equations, 295 
tables of, 258, APP-21 
translation theorems for, 271, 275 
of unit step function, 275 
Laplace’s equation: 
in cylindrical coordinates, 480 
difference equation replacement of, 512 
in polar coordinates, 472 
in spherical coordinates, 483-484 
in three dimensions, 439, 469 
in two dimensions, 439, 450 
Laplacian, 439 
in cylindrical coordinates, 480 
five point approximation to, 512 
in polar coordinates, 472 
in spherical coordinates, 484 
in three dimensions, 439 
in two dimensions, 439 
Lascaux cave paintings, dating of, 89 
Lattice points, 513 


Law of mass action, 97 
Leaking tanks, 23-24, 28-29, 100, 
103-105 
Least-squares line, 101 
Legendre function, 250 
Legendre polynomials, 249 
graphs of, 249 
properties of, 249 
recurrence relation for, 249 
Rodrigues’ formula for, 250 
Legendre’s differential equation 
of order n, 241 
solution of, 248-249 
in self-adjoint form, 422 
Leibniz notation, 3 
Level curves, 48, 52 
Level of resolution of a mathematical 
model, 20 
Libby, Willard, 84 
Liebman's method, 516 
Lineal element, 35 
Linear dependence: 
of functions, 122 
of solution vectors, 307-308 
Linear differential operator, 121 
Linear independence: 
of eigenvectors, APP-16 
of functions, 122 
of solutions, 123 
of solution vectors, 307—308 
and the Wronskian, 123 
Linear operator, 121 
Linear ordinary differential equations: 
applications of, 83, 182, 199 
auxiliary equation for, 134, 163 
complementary function for, 126 
definition of, 4 
first order, 4, 53 
general solution of, 56, 124, 126, 
134-135, 163-165 
higher-order, 117 
homogeneous, 53, 120, 133 
initial-value problem, 118 
nonhomogeneous, 53, 120, 140, 
150, 157 
particular solution of, 53—54, 125, 140, 
150, 157, 231 
standard forms for, 53, 131, 157, 160 
superposition principles for, 121, 127 
Linear partial differential equation, 433 
Linear regression, 102 
Linear spring, 207 
Linear system, 106, 128, 304 
Linear systems of algebraic 
equations, APP-10 
Linear systems of differential 
equations, 106, 304 
matrix form of, 304—305 
method for solving, 169, 295, 311, 
326, 334 
Linear transform, 258 
Linearity property, 256 


Linearization: 
of a differential equation, 209, 378, 381 
of a function at point, 378 
of a solution at a point, 76 
of a nonlinear system, 381 
Lissajous curve, 300 
Local truncation error, 341 
Locally stable critical point, 379 
Logistic curve, 95 
Logistic differential equation, 75, 95 
Logistic function, 95-96 
Losing a solution, 47 
Lotka, A., 390 
Lotka- Volterra, equations of: 
competition model, 109, 392—393 
predator-prey model, 108, 390—392 
LR series circuit, differential equation 
of, 29, 87 
LRC series circuit, differential equation 
of, 24, 192 


M 


Malthus, Thomas, 20 

Mass action, law of, 97 

Mass matrix, 323 

Mathematical model(s), 19-20 
aging spring, 185—186, 245, 251 
bobbing motion of a floating barrel, 29 
buckling of a thin column, 205 
cables of a suspension bridge, 

25-26, 210 

carbon dating, 84-85 
chemical reactions, 22, 97—98 
cooling/warming, 21, 28, 85-86 
concentration of a nutrient in a cell, 112 
constant harvest, 92 
continuous compound interest, 89 
coupled pendulums, 298, 302 
coupled springs, 217, 295—296, 299 
deflection of beams, 199-201 
draining a tank, 28-29 
double pendulum, 298 
double spring, 194—195 
drug infusion, 30 
evaporating raindrop, 31 
evaporation, 101 


falling body (with air resistance), 25, 30, 


49, 100-101, 110 
falling body (with no air resistance), 
24-25, 100 
fluctuating population, 31 
growth of capital, 21 
harvesting fisheries, 97 
heart pacemaker, 62, 93 
hole through the Earth, 30 
immigration, 97, 102 
pendulum motion, 209, 298 
population dynamics, 20, 27, 94 
predator-prey, 108, 390-392 
pursuit curves, 214, 215 
lifting a chain, 212-213 
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mass sliding down an inclined 
plane, 93-94 

memorization, 30, 93 

mixtures, 22-23, 86, 106-107 

networks, 297 

radioactive decay, 21 

radioactive decay series, 62, 106 

reflecting surface, 30, 101 

restocking fisheries, 97 

resonance, 191, 197—198 

rocket motion, 211 

rotating fluid, 31 

rotating rod containing a sliding 
bead, 218 

rotating string, 203 

series circuits, 24, 29, 87, 192-193 

skydiving, 29, 92, 102 

solar collector, 101 

spread of a disease, 22, 112 

spring/mass systems, 29-30, 182, 186, 
189, 218, 295-296, 299, 302 

suspended cables, 25, 52, 210 

snowplow problem, 32 

swimming a river, 103 

temperature in a circular ring, 206, 476 

temperature in an infinite wedge, 476 

temperature in a sphere, 206 

terminal velocity, 44 

time of death, 90 

tractrix, 30, 114 

tsunami, shape of, 101 

U.S. population, 99 

variable mass, 211 

water clock, 103—104 

Mathieu functions, 250 
Matrices: 

addition of, APP-4 

associative law of, APP-6 

augmented, APP-10 

banded, 515 

characteristic equation of, 312, APP-15 

column, APP-3 

definition of, APP-3 

derivative of, APP-9 

determinant of, APP-6 

diagonal, APP-20 

difference of, APP-4 

distributive law for, APP-6 

eigenvalue of, 312, APP-14 

eigenvector of, 312, APP-14 

element of, APP-3 

elementary row operations on, APP-10 

equality of, APP-3 

exponential, 334 

fundamental, 329 

integral of, APP-9 

inverse of, APP-8, APP-13 

Jacobian, 382 

multiples of, APP-3 

multiplication of, APP-4 

multiplicative identity, APP-6 

multiplicative inverse, APP-7 
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Matrices: (Continued) 
nilpotent, 337 
nonsingular, APP-7 
product of, APP-5 
reduced row-echelon form of, APP-11 
row-echelon form of, APP-10 
singular, APP-7 
size, APP-3 
sparse, 515 
square, APP-3 
symmetric, 317 
transpose of, APP-7 
tridiagonal, 520 
vector, APP-3 
zero, APP-6 
Matrix. See Matrices. 
Matrix exponential: 
computation of, 335 
definition of, 334 
derivative of, 334 
Matrix form of a linear system, 304-305 
Maximum principle, 453 
Meander function, 290 
Memorization, mathematical model for, 
30, 93 
Mesh size, 513 
Mesh points, 513 
Method of isoclines, 37, 42 
Method of undetermined coefficients, 
141, 152 
Minor, APP-8 
Mixtures, 22-23, 86-87, 106-107 
Modified Bessel equation of 
order v, 244 
Modified Bessel functions: 
of the first kind, 244 
of the second kind, 244 
Movie, 300, 447, 479-480 
Multiplication: 
of matrices, APP-4 
of power series, 221 
Multiplicative identity, APP-6 
Multiplicative inverse, APP-7 
Multiplicity of eigenvalues, 315 
Multistep method, 350 
advantages of, 352 
disadvantages of, 353 


N 


n-parameter family of solutions, 7 
Named functions, 250 
Natural frequency of a system, 183 
Networks, 109—110, 297 
Neumann condition, 440 
Newton's dot notation for differentiation, 3 
Newton's first law of motion, 24 
Newton's law of cooling/warming: 
with constant ambient temperature, 
21, 85 
with variable ambient temperature, 
90, 112 


Newton's second law of motion, 
24, 182 
as the rate of change of momentum, 
211-212 
Newton’s universal law of 
gravitation, 30 
Nilpotent matrix, 337 
Nodal line, 479 
Nodes, 372-373, 448 
Nonelementary integral, 50 
Nonhomogeneous boundary-value 
problem, 418, 455 
general solution of, 56, 126 
particular solution of, 53, 125 
superposition for, 127 
Nonhomogeneous systems of linear 
first-order differential equations, 
304, 305 
general solution of, 309 
particular solution of, 309, 326 
Nonlinear capacitor, 387 
Nonlinear damping, 207, 388, 394 
Nonlinear ordinary differential 
equation, 4 
Nonlinear oscillations of a sliding bead, 
389-390 
Nonlinear pendulum, 208, 388—389 
Nonlinear spring, 207 
hard, 208 
soft, 208 
Nonlinear system of differential 
equations, 106 
Nonsingular matrix, APP-7 
Norm of a function, 399 
square, 399 
Normal form: 
of a linear system, 304 
of an ordinary differential equation, 4 
of a system of first-order equations, 304 
Normal modes, 447 
Normalized orthogonal set, 400 
Notation for derivatives, 3 
nth-order differential operator, 121 
nth-order initial-value problem, 13, 118 
Nullcline, 42 
Numerical methods: 
Adams-Bashforth-Moulton method, 351 
adaptive methods, 348 
applied to higher-order equations, 353 
applied to systems, 353—354 
Crank-Nicholson, 520—521 
errors in, 78, 340—342 
Euler's method, 76, 345 
explicit finite difference, 518 
finite difference method, 359 
implicit finite difference, 520 
improved Euler's method, 342 
multistep, 350 
predictor-corrector method, 343, 351 
RK4 method, 346 
RKF45 method, 348 
shooting method, 361 


single-step, 350 
stability of, 352, 519, 525 
Truncation errors in, 341—342, 
343, 347 
Numerical solution curve, 78 
Numerical solver, 78 


O 


Odd function, 408 
properties of, 408—409 
ODE, 2 
Ohms (Q), 24 
Ohm's Law, 88 
One-dimensional heat equation, 437 
derivation of, 438—439 
One-dimensional phase portrait, 38 
One-dimensional wave equation, 437 
derivation of, 439 
One-parameter family of solutions, 7 
Order, exponential, 259 
Order of a differential equation, 3 
Order of a Runge-Kutta method, 345 
Ordinary differential equation, 2 
Ordinary point of a linear second-order 
differential equation, 223, 229 
solution about, 220, 223 
Orthogonal functions, definition 
of, 398 
Orthogonal series expansion, 401—402 
Orthogonal set of functions, 399 
Orthogonal trajectories, 115 
Orthogonality with respect to a weight 
function, 401 
Orthonormal set of functions, 399 
Output, 60, 128, 182 
Overdamped series circuit, 192 
Overdamped spring/mass system, 186 
Overtones, 448 


P 


Parabolic linear partial differential 
equation, 435, 512 
Parametric Bessel equation: 
of order n, 421 
of order v, 244 
in self-adjoint form, 421 
Partial differential equation: 
classification of linear second 
order, 435 
definition of, 2, 433 
homogeneous linear second order, 433 
linear second order, 433 
nonhomogeneous linear second 
order, 433 
separable, 433 
solution of, 433 
superposition principle for 
homogeneous linear, 435 
Partial fractions, 264, 268 
Partial integral, 502 


Particular solution, 7 
of a linear differential equation, 53-54, 
125, 140, 150, 157, 231 
of a system of linear differential 
equations, 309, 326 
Path, 364 
PDE, 2, 433 
Pendulum: 
ballistic, 216 
double, 298 
free damped, 214 
linear, 209 
nonlinear, 209 
period of, 215-216 
physical, 209 
simple, 209 
spring-coupled, 302 
of varying length, 252 
Percentage relative error, 78 
Period of simple harmonic motion, 183 
Periodic boundary conditions, 206 
Periodic boundary-value problem, 420 
Periodic extension of a function, 406 
Periodic function, 402 
fundamental period of, 402, 406 
Periodic function, Laplace transform 
of, 287 
Periodic solution of plane autonomous 
system, 366 
Phase angle, 184, 188 
Phase line, 38 
Phase plane, 305, 313-314, 371 
Phase-plane method, 384 
Phase portrait(s): 
for first-order equations, 38 
for systems of two linear first-order 
differential equations, 313-314, 318, 
321, 323, 371, 384 
Physical pendulum, 209 
Piecewise-continuous functions, 259 
Pin supported ends of a beam, 200 
Plane autonomous system, 365 
Plucked string, 440, 447, 450 
Points of inflection, 44 
Poisson’s partial differential equation, 
460, 517 
Polar coordinates, 472 
Polynomial operator, 121 
Population models: 
birth and death, 92 
fluctuating, 92 
harvesting, 97, 99 
logistic, 95—96, 99 
immigration, 97, 102 
Malthusian, 20-21 
restocking, 97 
Power series, review of, 220 
Power series solutions: 
existence of, 223 
method of finding, 223-229 
solution curves of, 229 
Predator-prey interaction, 390 


Predator-prey model, 107—108, 390 
Predictor-corrector method, 343 
Prime notation, 3 

Projectile motion, 173 

Probability integral, 489 
Proportional quantities, 20 

Pure resonance, 191 

Pursuit curve, 214—215 


Q 


Qualitative analysis: 
of a first-order differential equation, 
35-41 
of a second-order differential equation, 
364—365, 388 
of systems of differential equations, 364 
Quasi frequency, 189 
Quasi period, 189 


R 


Radial symmetry, 477 
Radial vibrations, 477 
Radioactive decay, 21, 83-85, 106 
Radioactive decay series, 62, 106 
Radius of convergence, 220 
Raindrop, velocity of evaporating, 31, 92 
Raleigh's differential equation, 386 
Rate function, 35 
Ratio test, 220 
Rational roots of a polynomial 
equation, 137 
RC series circuit, differential equation 
of, 29, 87-88 
Reactance, 193 
Reactions, chemical, 22, 97-98 
Rectangular pulse, 280 
Rectified sine wave, 291 
Recurrence relation, 225, 249, 251 
differential, 247 
Reduced row-echelon form of a 
matrix, APP-11 
Reduction of order, 130, 174 
Regular singular point, 231 
Regular Sturm-Liouville problem, 
418-419 
Regression line, 102 
Relative error, 78 
Relative growth rate, 94 
Repeller, 41, 314, 321, 377 
Resistance: 
air, 25, 29, 44, 87-88, 91-92, 101 
electrical, 24, 192-193 
Resonance, pure, 191 
Resonance curve, 198 
Resonance frequency, 198 
Response: 
impulse, 294 
of a system, 27, 365 
zero-input, 269 
zero-state, 269 


Rest point, 377 
Restocking of a fishery, model of, 97 
Riccati's differential equation, 74 
RK4 method, 78, 346 
RKF45 method, 348 
Robin condition, 440 
Rocket motion, 211 
Rodrigues’ formula, 250 
Rotating fluid, shape of, 31 
Rotating pendulum, 396 
Rotating string, 203 
Round-off error, 340 
Row-echelon form, APP-10 
Row operations, elementary, APP-10 
Runge-Kutta-Fehlberg method, 348 
Runge-Kutta methods: 
first-order, 345 
fourth-order, 78, 345—348 
second-order, 345 
for systems, 355—356 
truncation errors for, 347 


S 


Saddle point, 373 
Sawtooth function, 255, 291 
Schwartz, Laurent, 294 
Second-order chemical reaction, 22, 97 
Second-order homogeneous linear 
system, 323 
Second-order initial-value problem, 13, 
118, 353 
Second-order ordinary differential 
equation as a system, 176, 353, 364 
Second translation theorem, 275 
alternative form of, 276 
inverse form of, 276 
Self-adjoint form, 420 
Semi-stable critical point, 41 
Separated boundary conditions, 418 
Separation constant, 434 
Separation of variables, method of: 
for first-order ordinary differential 
equations, 45 
for linear second-order partial 
differential equations, 433 
Series: 
Fourier, 403—404, 409—410 
Fourier-Bessel, 425-426 
Fourier-Legendre, 427 
power, 220 
review of, 220-221 
solutions of ordinary differential 
equations, 223, 231, 233 
Series circuits, differential equations of, 
24, 87-88, 192 
Shifting the summation index, 222 
Shifting theorems for Laplace transforms, 
271, 275-276 
Shooting method, 361 
Shroud of Turin, dating of, 85, 89 
Sifting property, 294 
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Simple harmonic electrical 
vibrations, 192 
Simple harmonic motion of a spring/mass 
system, 183 
Simple pendulum, 209 
Simply supported end of a beam, 200 
Sine integral function, 60, 62, 503 
Sine series, 408—409 
in two variables, 468 
Single-step method, 350 
Singular matrix, APP-7 
Singular point: 
at oo, 223 
irregular, 231 
of a linear first-order differential 
equation, 57 
of a linear second-order differential 
equation, 223 
regular, 231 
Singular solution, 7 
Singular Sturm-Liouville problem, 420 
Sink, 377 
SIR model, 112 
Sky diving, 29, 92, 102 
Sliding bead, 389—390 
Sliding box, 93-94 
Slope field, 35 
Slope function, 35 
Snowplow problem, 32 
Soft spring, 208, 384, 385 
Solar collector, 30-31, 101 
Solution curve, 5 
Solution of an ordinary 
differential equation: 
about an ordinary point, 224 
about a singular point, 231 
constant, 11 
definition of, 5 
equilibrium, 37 
explicit, 6 
general, 9, 124, 126 
graph of, 5 
implicit, 6 
integral, 7 
interval of definition for, 5 
n-parameter family of, 7 
number of, 7 
particular, 7, 53-54, 125, 140, 
150, 157, 231 
piecewise defined, 8 
singular, 7 
trivial, 5 
Solution of a system of 
differential equations: 
defined, 8—9, 169, 305 
equilibrium, 366 
general, 308—309 
particular, 309 
periodic, 366 
Solution vector, 305 
Sparse matrix, 515 


Special functions, 59, 60, 250 
Specific growth rate, 94 
Spiral points, 375 
Spherical Bessel functions, 247 
Spread of a communicable disease, 22, 112 
Spring constant, 182 
Spring/mass systems: 
dashpot damping for, 186 
Hooke's law and, 29, 182, 295-296 
linear models for, 182—192, 218, 
295-296 
nonlinear models for, 207—208 
Springs, coupled, 217, 299 
Square matrix, APP-3 
Square norm of a function, 399 
Square wave, 288, 291 
Stability of a numerical method, 352, 
519, 525 
Stability criteria: 
for a first-order autonomous 
differential equation, 382 
for a plane autonomous system, 377 
Stable critical point, 379 
Staircase function, 280 
Standard form of a linear differential 
equation, 53, 121, 157, 160 
Standing waves, 447, 479 
Starting methods, 350 
State of a system, 20, 27, 128, 365 
State variables, 27, 128 
Stationary point, 37, 366, 377 
Steady-state current, 88, 193 
Steady-state solution, 88, 190, 
193, 457 
Steady state temperature distribution, 439 
Steady state term, 88, 193 
Stefan’s law of radiation, 114 
Step size, 76 
Streamlines, 70 
Sturm-Liouville problem, 416 
periodic, 420 
properties of, 418 
regular, 418-419 
singular, 420 
Subscript notation, 3 
Substitutions in a differential 
equation, 70 
Summation index, shifting of, 222 
Superposition principle: 
for Dirichlet problem, 453-454 
for homogeneous linear differential 
equations, 121 
for homogeneous linear partial 
differential equations, 435 
for homogeneous linear systems, 306 
for nonhomogeneous linear differential 
equations, 127 
Suspended cables, 25 
Suspension bridge, 25—26, 52 
Symmetric matrix, 317 
Synthetic division, 137 


Systematic elimination, 169 
Systems, autonomous, 363 
Systems of linear differential equations, 
methods for solving: 
by Laplace transforms, 295 
by matrices, 311 
by systematic elimination, 169 
Systems of linear first-order differential 
equations, 8, 304—305 
existence of a unique solution for, 306 
fundamental set of solutions for, 308 
general solution of, 308, 309 
homogeneous, 304, 311 
initial-value problem for, 306 
matrix form of, 304—305 
nonhomogeneous, 304, 309, 326 
normal form of, 304 
solution of, 305 
superposition principle for, 306 
Wronskian for, 307-308 
Systems of ordinary differential equations, 
105, 169, 295, 303, 355, 363 
linear, 106, 304 
nonlinear, 106 
solution of, 8—9, 169, 305 
Systems reduced to first-order systems, 
354—355 


T 


Table of Laplace transforms, APP-21 
Tangent lines, method of, 75-76 
Taylor polynomial, 177, 346 
Taylor series, use of, 175-176 
Telegraph equation, 442 
Telephone wires, shape of, 210 
Temperature in a ring, 206 
Temperature in a sphere, 206 
Terminal velocity of a falling body, 
44, 91, 101 
Thermal diffusivity, 439 
Theory of distributions, 294 
Three-term recurrence relation, 227 
Time of death, 90 
Torricelli's law, 23, 104 
Trace of a matrix, 371 
Tractrix, 30, 113-114 
Trajectories: 
orthogonal, 115 
parametric equations of, 305, 313 
Transfer function, 269 
Transform pairs, 504 
Transient solution, 190, 457 
Transient term, 58, 60, 88, 190 
Translation theorems for Laplace 
transform, 271, 275, 276 
inverse forms of, 271, 276 
Transpose of a matrix, APP-7 
Transverse vibrations, 439, 477 
Traveling waves, 449 
Triangular wave, 291 


Tridiagonal matrix, 520 
Trigonometric series, 403 
Trivial solution, 5 
Truncation error: 
for Euler’s method, 341—342 
global, 342 
for Improved Euler’s method, 
343-344 
local, 341 
for RK4 method, 347—348 
Tsunami, 101 
Twisted shaft, 463 
Two-dimensional heat equation, 466 
in polar coordinates, 477 
Two-dimensional Laplace's equation, 
437, 443 
Two-dimensional phase portrait, 314 
Two-dimensional wave equation, 467 
in polar coordinates, 477 


U 


Undamped spring/mass system, 
181-182 
Underdamped series circuit, 192 
Underdamped spring/mass system, 187 
Undetermined coefficients: 
for linear differential equations, 
141, 152 
for linear systems, 326 
Uniqueness theorems, 15, 118, 306 
Unit impulse, 292 


Unit step function, 274 

Laplace transform of, 274 
Unstable critical point, 41, 379 
Unstable numerical method, 352, 519 
Unsymmetrical vibrations, 208 


V 


Variable mass, 211 
Variable spring constant, 185-186 
Variables, separable, 45—46 
Variation of parameters: 
for linear first-order differential 
equations, 54 
for linear higher-order differential 
equations, 158, 160-161 
for systems of linear first-order 
differential equations, 326, 329-330 
Vectors definition of, APP-3 
solutions of systems of linear 
differential equations, 305 
Vector field, 365 
Verhulst, P.F., 95 
Vibrating cantilever beam, 466 
Vibrations, spring/mass systems, 
182-191 
Virga, 31 
Viscous damping, 25 
Voltage drops, 24, 286 
Volterra integral equation, 286 
Volterra’s principle, 393 
Vortex point, 377 
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Water clock, 103-104 
Wave equation: 
difference equation replacement of, 522 
one dimensional, 437, 445 
in polar coordinates, 477 
two dimensional, 467, 477 
Weight, 182 
Weight function: 
of a linear system, 294 
orthogonality with respect to, 433 
Weighted average, 345 
Wire hanging under its own weight, 
25-26, 210 
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for a set of functions, 123 
for a set of solutions of a homogeneous 
linear differential equation, 123 
for a set of solution vectors of a 
homogeneous linear system, 308 
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Young’s modulus, 199 
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Zero-input response, 269 
Zero matrix, APP-6 
Zero-state response, 269 
Zeros of Bessel functions, 246 
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DE TOOLS CORRELATION GUIDE 


The DE Tools are a suite of simulations that provide an interactive, visual exploration of the concepts presented in this text. Visit 
academic.cengage.com/math/zill to find out more or contact your local sales representative to ask about options for bundling 


the DE Tools with this textbook. 


TEXT TOOLS 


PROJECT TOOLS 


Chapter 1 

Interval of Definition 
Illustrates the concept of the interval of definition of a solution of a dif- 
ferential equation. 

Chapter 2 

Direction Field 
Supports visual exploration of the relationship between direction fields 
and solutions of first-order ODEs of the form dy/dx = f(x, y). 

Phase Line 
Lets you view the phase line, the solution graphs, and the graph of the 
differential equation for several first-order differential equations. 

Euler Method 
Supports visual and numerical comparison of the Euler Method and the 
Runge-Kutta Method of approximating solutions to the first order ODE, 
dyldx = f(x, y). 

Chapter 3 

Growth and Decay 
Visual exploration of exponential growth and decay for the first order 
ODE, dx/dt = rx, or its solution x(f). 

Mixture 
By allowing you to vary input-output rates and input concentration, 
this tool lets you see how the amount of salt changes when two brine 
solutions are mixed together in a large tank. 

LR Circuit 
Qualitative exploration of the behavior of a model of a series circuit 
containing an inductor and a resistor model as parameters are varied. 

Predator-Prey 
Illustrates solution curves for the Lotka-Volterra predator-prey model. 

Chapter 5 

Spring/Mass 
Supports graphical exploration of the effects of parameter changes on 
the motion of the spring/mass system: mx" + Bx' + kx = Fosin(yt). 

Chapter 7 

Linear Double Pendulum 
Visual exploration of a double pendulum. 

Chapter 8 

Linear Phase Portrait 
Lets you generate phase portraits and solution curves for systems 
X' = AX of two first-order DEs with constant coefficients. You see 
how the phase portrait depends on the eigenvalues of the coefficient 
matrix A. 

Chapter 9 

Numerical Methods 
Visual and numerical comparison of the Euler Method, the Improved 
Euler Method, and the Runge-Kutta Method of approximating solutions 
to systems of two differential equations. 


Chapter 1 

Project: Deception Pass 
Supports visual exploration of the effect of the tide and channel width 
on the velocity of water moving through Deception Pass. 

Chapter 2 

Project: Logistic Harvest 
Exploration of logistic population growth with either constant or 
proportional harvesting. 

Chapter 3 

Project: Swimming 
Determine the relationship between the speed of a river and the speed 
of a person swimming across the river. 

Chapter 4 

Project: Bungee Jumping 
Explore the forces acting on a bungee jumper as you change the 
weight of the jumper and the elasticity of the bungee cord. 

Chapter 5 

Project: Tacoma Bridge 
Exploration of the rising and falling of the roadbed of a bridge. 

Chapter 6 

Project: Tamarisk 
Exploration of the series solution for the growth of tamarisk in a desert 
canyon. 

Chapter 7 

Project: Newton's Law of Cooling 
Use the mathematical model for Newton's law of cooling to determine 
the rate at which a body warms or cools to find the time the "Mayfair 
Diner Murder” took place and the time the body was moved from the 
kitchen to the refrigerator. 

Chapter 8 

Project: Earthquake 
Visual exploration of the displacements of the floors of a three-story 
building in an earthquake. 

Chapter 9 

Project: Hammer 
Exploration of a pendulum model using different numerical methods, 
time step sizes, and initial conditions. 


The projects referenced above can be found at 
academic.cengage.com/math/zill. 


